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ABSTRACT 

 

 

 

Arylamines and derivatives thereof have been developed for use in several applications. 

Among these include: the development of an arylamine moiety to act as a trigger and redox 

catalyst for an organic reaction, the use of a specific arylamine moiety as a synthon in the 

preparation of a series of polar organic crystalline materials, and a preliminary investigation of 

an arylamine salt as a potential organic semiconductor. 

The synthesis of novel norbornadiene (N) derivatives with appended redox-auxiliary 

(RA) units for use as switchable photoelectrochromic materials is reported. The photochemical 

and electrochemical properties are investigated by UV-vis spectroscopy, chemical actinometry, 

and cyclic voltammetry. The pendant RA functions as a stable redox unit capable of catalyzing 

the conversion of the N form to the quadricyclane (Q) form, releasing stored ring-strain energy 

as heat. Aside from demonstrating the principle of RA catalysis, the new N derivatives 

demonstrate possible utility as recyclable solar fuels or as photo-electrical switchable systems for 

informational or mechanical applications at the molecular level. 

 A second project involving the preparation of a series of m-phenylenediamine derivatives 

which assemble (crystallize) preferentially with polar order is described. The crystal structures of 

these analogs have been elucidated by X-ray crystallography, and their crystalline properties 

explored by differential scanning calorimetry. Insight gained through this study has led to a 

greater understanding of the requirements for polar ordering of these molecules, allowing for the 

rational design of certain polar organic crystals derived from such structures. 
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Finally, a preliminary study of the structure and properties of radical cation and dication 

salts of tetra(p-anisyl)-p-phenylenediamine (TAPD), which show promise for use as organic one-

electron oxidants and as organic semiconductors, is presented. The preparation and 

characterization of TAPD salts is described. Their electrochemical properties have been explored 

by powder pellet I-V electrochemical measurements. 
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Chapter 1 

Redox-Auxiliary Catalysis for Photoelectrochromic Switching 

 

1.1 Introduction 

 Redox catalysis is a rare but potentially valuable tool in organic synthesis and materials 

science
1-4 

which involves utilizing changes in oxidation state to catalyze a chemical 

transformation. The active catalytic species may be the reactive function itself, or it could be a 

“redox messenger”: a molecule which serves to transfer its charge state to the reactive function. 

A recent example involving the redox catalysis of radical Diels-Alder cycloaddition reactions
5
 is 

shown below (Scheme 1.1.1). 

 

 

 

Scheme 1.1.1. A literature example of redox catalysis involving Diels-Alder cycloadditions 

 Though promising, the emerging field of electrochemical reaction chemistry is 

underdeveloped. This is especially true as it pertains to organic electrosynthetic applications, an 

area which is very much in its nascency. And while redox catalysis can demonstrate synthetic 

utility in specific cases, it is limited in scope and general applicability. This is due in no small



2 
 

part to the necessity that the product of a propagation step be a stronger oxidant than the oxidized 

starting material if a catalytic redox chain is to be established. This is a demanding requirement 

that is not easily met. 

 In an effort to generalize redox catalysis, we have developed a novel concept which we 

have termed “redox-auxiliary” (RA) catalysis. This new approach differs distinctly from the 

traditional redox catalytic systems. In RA catalysis, the active catalyst is neither the oxidized 

form of the reactive function, nor is it a discrete redox carrier. The catalyst is, in fact, the 

oxidized species of an appended auxiliary incorporated onto the reactive function by a covalent 

bond. 

 This prompts us to introduce and clearly define what we refer to as the RA effect. The 

concept could best be framed as a postulate which asks if an attached redox group (auxiliary) can 

be used to promote and catalyze a reaction. Figure 1.1.1 depicts this RA effect. The RA is 

appended to a reactive function. Upon oxidation to the radical cation species, an electronic 

perturbation is transferred from the RA to the reactive function. This perturbation lowers the 

activation barrier at the reactive function, thereby enhancing the reaction rate and effecting the 

desired chemical transformation. 
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Figure 1.1.1. A cartoon representation of the proposed RA effect 

Note that the oxidation of the RA is reversible. This reversibility, as will later be seen, is 

an essential feature for the system to establish the redox cycle and undergo catalytic turnover 

based on electron exchange between the redox states of the RA unit.  This feature of the RA 

catalysis approach is expected to allow a more general applicability of redox catalysis to a wide 

range of reactions. 

The RA unit must be a stable radical carrier and, as previously mentioned, will be 

covalently bound to the reactive function. As our stable radical carrier, we opted to employ 

arylamines (Figure 1.1.2) due to their high degree of thermal stability, general lack of sensitivity 

to atmosphere, as well as ease of oxidation. 
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Figure 1.1.2. Arylamino (AA) and p-phenylenediamino (PD) RA units 

 As for the reactive function, the well known norbornadiene-quadricyclane (N-Q) photo-

switchable system
6,7

 was chosen as a favorable model system. The N-Q system (Scheme 1.1.2) is 

optimal for demonstrating the proposed RA effect for a number of reasons. Berson reports that 

the Q isomer is 24 ± 0.9 Kcal mol
-1

 higher in energy than N.
8
 This high degree of ring strain 

present in the Q isomer lends itself toward facile opening to the N form. Also, the conversion 

takes place via a radical mechanism which we hypothesized would be readily susceptible to the 

electronic perturbation imparted by the oxidized form of the appended RA. Furthermore, there is 

a practical application for an N-Q system in which Q-to-N isomerization may be triggered by 

redox catalysis. The N-Q system has been extensively studied for use as a solar fuel.
9
 As 

Dubosonov and Chernoivanov report in their review, various approaches have been taken in 

efforts to develop a feasible N-Q system for this purpose. 

 

 

 

 

Scheme 1.1.2. The N-Q photo-switchable system 

PD AA 

N Q 
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Scheme 1.1.3. A conceptualized 

N-Q catalytic cycle  

The electrochemical properties of the parent 

N-Q system have been explored by Gassman and 

Yamaguchi.
10

 They reported the chemically 

irreversible oxidation of N at E1/2
ox 

= 1.56 V and Q at 

E1/2
ox 

= 0.91 V vs SCE. Thus, it was recognized that 

electron-transfer (ET) catalysis of the Q to N 

conversion should be possible because N
+· 

is capable 

of oxidizing Q, as shown in Scheme 1.1.3. However, 

the chemical instability of N and Q radical cations 

render this cycle (as written in Scheme 1.1.3) untenable. 

Gassman and Hershberger
11

 attempted the conversion of Q to N by direct oxidation at a 

platinum anode and observed rapid fouling of the electrode surface.  It was found however, that 

by including tri-p-tolylamine (3.4 mol%), electrochemical conversion of Q to N could be 

effected. The relatively low oxidation potential of tri-p-tolylamine (E°′ = 0.66 V vs SCE) 

allowed it to act as a sort of redox carrier in the system, negating the need for the high applied 

potentials that led to anode fouling. 

While Gassman’s result was promising, it suffered some serious drawbacks which limited 

its feasibility as a recyclable system. It was found that when the applied potential was halted, the 

conversion of Q to N likewise immediately ceased. There was also a side reaction produced 

during the conversion, leading to a build-up of contaminants.  

Nevertheless, there is a valuable lesson in Gassman’s results. The oxidant used involved 

an endothermic ET reaction with Q. Under these conditions, the radical cation state resides 

almost entirely on the stable oxidant, with the Q or N radical cation lifetimes apparently quite 
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short, though long enough for this facile and exothermic reaction to occur. Learning from this, 

we sought to investigate the possibility that an RA system could maintain sufficiently long 

radical cation lifetimes, while avoid the shortcomings of Gassman’s system through the prospect 

of RA catalysis in this case.  

Our approach has been to attach a redox-active group (the RA), to an N structure to 

provide electrochemical triggering of the Q-to-N conversion upon redox change of the RA, 

hence yielding a material that is isomerized in one direction (N to Q) with light, and in the other 

direction (Q to N) by electron loss (Scheme 1.1.4). The result would be a new 

photoelectrochromic material that is switchable between forms by two different types of stimuli. 

 

 

 

 

Scheme 1.1.4. The N-Q system and the postulated RA-substituted photoelectrochromic system 

In practice, the parent N-Q system is not a practical photochrome because its 

photoisomerization must be triplet sensitized.
12

 The sensitizer is excited to the triplet state by the 

appropriate wavelength of UV irradiation. A mechanistic pathway for this transformation 

proposed by Gould,
13

 with insight from previous studies by Hammond
14,15 

and Gorman,
16

 is 

depicted in Scheme 1.1.5. The triplet character of the excited sensitizer is transferred to N to 

form the diradical triplet species. This diradical rearranges, accompanied by the homolysis of a 

double bond and the simultaneous formation of a cyclopropane ring. This triplet species then 

undergoes intersystem crossing to the singlet Q.  

 

N Q RA-N RA-Q 
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Scheme 1.1.5. The mechanistic pathway of triplet-sensitized N-to-Q conversion 

The difficulties associated with utilizing the N-Q system as a solar fuel are twofold. 

Foremost, N exhibits a λmax of 205 nm
17

 and an absorption edge of 250 nm.
18

 Therefore, 

wavelengths necessary to effect the photoconversion of N to Q lie entirely outside of the range of 

the solar spectrum at the lithosphere, which is shielded by radiation of less than 290 nm by 

atmospheric ozone.
19

 These factors render direct N-to-Q solar photoconversion impossible. The 

aforementioned triplet sensitizers, which absorb at higher wavelengths, may be used to 

photoconvert N to Q with visible light; however, these are not photostable at long irradiation 

times. This will result in both the degradation of the sensitizer, as well as the accumulation of 

contaminants. Thus, triplet sensitization will not produce a viable recyclable system.  

Substituted N's containing groups that extend the pi system allow, in some cases, the 

direct N-to-Q photoconversion, and such structures can be effective photochromic materials.
20-24
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In our case, the target structure is an arylamino-substituted N structure, AA-N, in which the AA 

group is the RA connected to the reactive N function via the p-position of one of the aryl rings of 

the triarylamine. For synthetic purposes, it became necessary to also include an electron 

withdrawing tosyl group on the N alkene, thus yielding an AA-N-Ts product (Figure 1.1.3).  The 

tosyl moiety can be removed by reduction with sodium amalgam if desired,
25

 but we have thus 

far investigated the photo-electro features of AA-N-Ts with the tosyl group included. A related 

structure containing a p-phenylenediamino (PD) redox auxiliary, PD-N-Ts, has also been 

prepared. The photo and electro properties of both AA-N-Ts and PD-N-Ts have been explored. 

 

 

 

Figure 1.1.3. The target RA-substituted N derivatives 

 

1.2 Synthesis of AA-N-Ts and PD-N-Ts 

 AA-N-Ts and PD-N-Ts are synthesized from the intermediate, 4-BrPh-N-Ts. The 

synthetic route is depicted in Scheme 1.2.1. Commercially available 4-bromostyrene was 

brominated according to our own procedure. Reported methods for the synthesis of tribromide 1 

involve relatively expensive reagents, such as diacetoxy iodobenzene
26

 or 

AA-N-Ts PD-N-Ts 
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(bromodimethyl)sulfonium bromide,
27

 which we found to be unnecessary. Double elimination of 

HBr in the presence of potassium hydroxide
28

 afforded the phenylacetylene 2. This compound is 

unreactive as a dieneophile, thus it is necessary to install a strong electron-withdrawing group. 

The tosyl moiety was chosen as a good candidate for this role. However, the direct sulfonylation 

of acetylenes is not described in the literature and our attempts were unsuccessful. Efforts to 

directly sulfonylate 4-(N,N-dianisylamino)phenylacetylene involved treating the alkyne with n-

butyl lithium at -78 °C in anhydrous tetrahydrofuran under inert atmosphere, followed by 

addition of a solution of tosyl chloride. Quenching with aqueous ammonium chloride, then 

extracting with diethyl ether yielded no detectable amount of the desired product. An analogous 

reaction using mesyl chloride was likewise met with failure. We therefore found it necessary to 

first couple 2 to sodium p-toulenesulfinate in the presence of sodium iodide and ceric ammonium 

nitrate
29

 to arrive at the sulfonylated vinyl iodide 3. cis-Elimination of HI under the influence of 

potassium tert-butoxide in tert-butanol gave the acetylenic sulfone 4. This alkyne underwent a 

Diels-Alder reaction
30

 with cyclopentadiene in chloroform to afford 4-BrPh-N-Ts (Scheme 

1.2.1). 
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Scheme 1.2.1. Synthesis of 4-BrPh-N-Ts 

 The synthesis of the RA units is shown in Scheme 1.2.2. Compound 5 is prepared by N-

arylation of p-anisidine with p-bromoanisole using the protocol of Hartwig et al.
31

 The N-

acetylated arylamine 6 was synthesized via Ullmann coupling as previously described by former 

group member Trent Selby.
32

 De-acetylation with potassium hydroxide in ethanol yielded 

trianisyl-p-phenylenediamine 7. AA-N-Ts and PD-N-Ts are synthesized using the 

aforementioned N-arylation protocol of Hartwig et al (Scheme 1.2.3). 

 

 

 

 

 

 

 

 

 

 

1 2 

3 4 

4-BrPh-N-Ts 

98 % 98 % 

78 % 100 % 

98 % 
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Scheme 1.2.2. Synthesis of AA and PD RA units 

5 

6 

7 

96 % 

82 % 

77 % 
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Scheme 1.2.3. Synthesis of AA-N-Ts and PD-N-Ts 

 

1.3 Optical and Electrochemical Properties of Norbornadienes 

 Ultraviolet-visible (UV-vis) spectroscopy was utilized to characterize AA-N-Ts and PD-

N-Ts. It also proved to be an invaluable tool for monitoring the progress of N/Q isomerization 

reactions to determine the relative and absolute concentrations of the isomeric species. 

 Figure 1.3.1 depicts an overlay of AA-N-Ts, PD-N-Ts, and the parent N compound, all at 

equal concentrations (5.0 x 10
-5

 M) in acetonitrile. The parent N structure exhibits a relatively 

weak π-to-π* absorption, and only in the deep UV. With additional substituents in AA-N-Ts and 

PD-N-Ts, a dramatic bathochromic shift is observed, exhibiting absorption edges well into the 

visible spectrum. Both AA-N-Ts and PD-N-Ts are bright yellow solids.  

AA-N-Ts 

PD-N-Ts 

95 % 

90 % 

4-BrPh-N-Ts 
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Figure 1.3.1. Optical spectra of N, AA-N-Ts, and PD-N-Ts at 5.0 x 10
-5

 M in acetonitrile 

The oxidation potentials of AA-N-Ts and PD-N-Ts were measured by cyclic 

voltammetry (CV) (Figures 1.3.2 and 1.3.3). A reversible oxidation curve is observed with E°′ = 

859 mV (vs. SCE) for AA-N-Ts and 551 mV (vs. SCE) for PD-N-Ts. 
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Figure 1.3.2. Cyclic voltammogram of AA-N-Ts - 1.0 mM in dichloromethane (0.1 M TBABF4) 

at 20 mV/s scan rate 

AA-N-Ts 
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Figure 1.3.3. Cyclic voltammogram of PD-N-Ts - 1.0 mM in dichloromethane (0.1 M TBABF4) 

at 20 mV/s scan rate 

 

1.4  AA-N-Ts/AA-Q-Ts Photochemistry 

Our earliest attempts at photoconversion of AA-N-Ts to AA-Q-Ts involved the use of a 

Rayonet reactor equipped with 350 nm bulbs. This was moderately effective; however, we found 

that a 500 W Hg-Xe arc lamp offered more precise control over the reaction conditions. The arc 

lamp possessed several advantages as follows: We were able to control the temperature easily by 

filtering out the infrared (IR) component of the beam with a simple water-filled quartz tube. 

Also, the beam can be focused to a very tight point (less than 1 cm
2
), which allowed us to direct 

all incident light into the sample. Lastly, a variety of chromatic filters can be used in the beam 

PD-N-Ts 
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path to fine tune the wavelength of the incident light to more precisely excite the active 

absorbance band. 

Photoreaction of AA-N-Ts was found to proceed cleanly and rapidly upon irradiation 

with visible light (Figure 1.4.1). As is evidenced by the UV-vis spectra, the long wavelength 

absorbance of AA-N-Ts disappears as the presence of a new absorption band (presumed AA-Q-

Ts) appears at shorter wavelength. In fact, this photochromic behavior allows for a qualitative 

assessment as to the extent of photoreaction, simply by observing the bleaching of color from the 

initially bright yellow AA-N-Ts solution. Also of note is the concomitant increase in the short 

wavelength absorbance as the Q isomer is formed. 
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Figure 1.4.1. Arc lamp photoreaction of AA-N-Ts with irradiation >385 nm in deaerated 

benzene at 5.0 x 10
-5

 M 

 

A clear isosbestic point (340 nm) can be seen, indicating clean conversion from one 

species to another. At this point, we are supposing that the AA-Q-Ts isomer is the species being 

formed during irradiation. 
1
H-NMR was utilized to determine the identity of the AA-N-Ts 

photoreaction product. 

AA-N-Ts AA-Q-Ts (presumed) 
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 AA-N-Ts was dissolved in C6D6 and placed in an NMR tube. A measurement was taken 

prior to irradiation (Figure 1.4.2). The sample was then exposed to indirect sunlight in a 

windowsill until bleaching of the solution was observed (55 min). A second 
1
H-NMR 

measurement was taken, and the photoconversion product was confirmed to be AA-Q-Ts (Figure 

1.4.3). 

 

Figure 1.4.2. 
1
H-NMR (360 MHz) of AA-N-Ts in d6-benzene before exposure to indirect 

sunlight 

 

AA-N-Ts 
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Figure 1.4.3. 
1
H-NMR (360 MHz) of AA-N-Ts in d6-benzene after 55 min exposure to indirect 

sunlight (complete conversion to AA-Q-Ts) 

 

Peak assignments were confirmed by one-dimensional, selective nuclear Overhauser 

effect spectroscopy (1D-NOESY). It can be seen by the disappearance of the two signals at 6.58 

and 6.52 ppm, indicative of the olefinic protons (denoted by the red arrow in Figure 1.4.2), 

accompanied by the appearance of two new upfield signals (red arrows, Figure 1.4.3) that the 

expected product, AA-Q-Ts has formed. The protons on the bridgehead carbons of AA-N-Ts 

(blue arrows, Figure 1.4.2) also exhibit a significant upfield shift when converted to the Q 

isomer. 

Having established that the photoisomerization proceeds by irradiation with visible light 

from an arc lamp, we then sought to evaluate conversion of AA-N-Ts to AA-Q-Ts by solar 

AA-Q-Ts 
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irradiation. In this experiment, a dilute sample of AA-N-Ts in benzene was placed in a quartz 

cuvette and exposed to indirect sunlight in a windowsill (Figure 1.4.4).  

 

 

 

 

Figure 1.4.4. Solar photoconversion of AA-N-Ts to AA-Q-Ts through a glass window in 

deaerated benzene at 5.0 x 10
-5

 M 

 

It is readily apparent that the AA-N-Ts photoconversion is effected by solar irradiation, 

though the reaction time is significantly longer than when using the arc lamp. Nevertheless, 

complete conversion by indirect sunlight was observed in only 150 seconds, suggesting that the 

AA-N-Ts system is quite photosensitive. 

AA-N-Ts AA-Q-Ts 
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We have measured the efficiency (quantum yield) of the photoconversion by ferrioxalate 

actinometry
33-36

 using a 405 nm GaN laser drawing 50 mA and emitting  approximately 20 mW 

(Figure 1.4.5).  

 

Figure 1.4.5. An example setup for actinometry and the chemical equations describing 

ferrioxalate photochemistry 

 

The experiment involves first establishing a blank measurement to determine the number 

of photons emitted by the source laser. This is done by placing two UV-vis cuvettes together in 

direct contact with the laser. The first cuvette contains the photoreaction solvent and the second 

cuvette contains an aqueous solution of potassium ferrioxalate. After irradiating for a given 

period of time, the iron(II) cations formed are complexed with a buffered 1,10-phenanthroline 

solution. This complex is bright orange and has a known molar absorptivity. From this data can 

be derived the number of photons per second absorbed by the ferrioxalate solution behind the 

benzene blank. The procedure is repeated using a known concentration of the AA-N-Ts sample. 
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The difference in the amount of iron(II) formed during the blank run, and the amount formed 

during the sample run indicate the number of photons absorbed by AA-N-Ts. A typical dataset 

collected during an actinometry experiment is shown in Figure 1.4.6. 

 

 

 

 

Figure 1.4.6. An example dataset for an AA-N-Ts actinometry experiment depicting changes in 

absorbance of the AA-N-Ts solutions and ferrioxalate/phenanthroline complexes 

 

The quantum yield (Φ) for AA-N-Ts conversion to AA-Q-Ts (i. e. the number of product 

molecules produced per photon absorbed) was determined four times yielding Φ = 0.63, 0.60, 

0.59, and 0.59 for an average of 0.60 ± 0.02. This photochemical efficiency is high (60 % of the 

AA-N-Ts AA-Q-Ts 
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photons absorbed yield product), and compares favorably to other 2,3-disubstituted N derivatives 

optimized for photochemical efficiency.
37-39 

All AA-N-Ts-to-AA-Q-Ts photoconversion experiments shown to this point were run in 

benzene. It was found early in our studies of the RA compounds that this is an optimal solvent 

for effecting rapid, clean conversion to the Q isomer. We did, however, explore other solvents to 

determine their efficacy in photoconverting AA-N-Ts. 

As shown previously (Figure 1.4.1), benzene is an exceptional solvent for use with the 

AA-N-Ts/AA-Q-Ts system, as full photoconversion is achieved in only five seconds at 5.0 x 10
-

5
 M concentration. Toluene also was found to give good results, being nearly equivalent to 

benzene (Figure 1.4.7). 
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Figure 1.4.7. Arc lamp photoconversion of AA-N-Ts to AA-Q-Ts with irradiation >400 nm in 

deaerated toluene at 5.0 x 10
-5

 M 

 

In tetrahydrofuran (Figure 1.4.8), the photoconversion proceeds more slowly. Also, the 

conversion is not complete; there is some detectable amount of AA-N-Ts present after 30 

seconds which does not diminish after 60 seconds. 

 

 

AA-N-Ts AA-Q-Ts 
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Figure 1.4.8. Arc lamp photoconversion of AA-N-Ts to AA-Q-Ts with irradiation >400 nm in 

deaerated tetrahydrofuran at 5.0 x 10
-5

 M 

 

This effect is more pronounced when using acetone as the solvent (Figure 1.4.9). The 

timescale necessary for conversion increases, as well as the amount of residual unconverted AA-

N-Ts. 

 

 

 

AA-N-Ts AA-Q-Ts 
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Figure 1.4.9. Arc lamp photoconversion of AA-N-Ts to AA-Q-Ts with irradiation >400 nm in 

deaerated acetone at 5.0 x 10
-5

 M  

 

Acetonitrile was also tested, and an unusual behavior was observed. AA-N-Ts was 

partially converted (~50 %), reaching a photostationary state, then upon further irradiation, began 

increasing in concentration of AA-N-Ts (Figure 1.4.10). 

 

 

 

AA-N-Ts AA-Q-Ts 
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Figure 1.4.10. Arc lamp photoconversion of AA-N-Ts to AA-Q-Ts with irradiation >400 nm in 

deaerated acetonitrile at 5.0 x 10
-5

 M 

 

There seems to be a clear pattern from the data revealing slower photoconversion 

reaction times with increasing solvent polarity. This could possibly be due to the solvent’s ability 

to assist in single-electron transfer, affecting the efficacy of the redox catalysis. 

  

 

 

AA-N-Ts AA-Q-Ts 
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1.5  AA-N-Ts/AA-Q-Ts Redox Chemistry 

With AA-Q-Ts in hand, we sought to investigate its redox chemistry. It was expected that 

upon oxidation of AA-Q-Ts to its radical cation, a rapid, catalytic isomerization to AA-N-Ts 

would occur. A proposed redox cycle for this conversion is shown in Scheme 1.5.1. When AA-

Q-Ts is oxidized, it rapidly opens to form AA-N-Ts. The AA-N-Ts radical cation then becomes 

the active catalyst, oxidizing AA-Q-Ts and leaving the cycle as neutral AA-N-Ts 

 

 

Scheme 1.5.1. A proposed redox cycle for the AA-Q-Ts to AA-N-Ts conversion 

It is important to keep in mind that the reactive function is not directly oxidized. Instead, 

the RA is oxidized and exerts an electronic perturberance via resonance which effects the 

transformation to AA-N-Ts. This electronic influence is shown in Scheme 1.5.2. 

AA-Q-Ts 

AA-N-Ts AA-Q-Ts 
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Scheme 1.5.2. The electronic influence of the RA 

 The redox catalysis of AA-Q-Ts to AA-N-Ts was initially tested using a 

substoichiometric chemical oxidant (Scheme 1.5.3). Orange CRET,
40

 a one-electron oxidant was 

chosen due to its stability and ease of handling. A sample of AA-N-Ts in benzene was prepared 

and photoconverted by arc lamp to AA-Q-Ts. A solution of Orange CRET in dichloromethane 

was added, and an aliquot of the sample was analyzed by UV-Vis (Figure 1.5.1) 

 

 

 

 

 

 

 

 

 

AA-Q-Ts 
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Scheme 1.5.3. AA-Q-Ts to AA-N-Ts RA catalysis with Orange CRET 

 

 

 

 

 

 

 

 

 

AA-Q-Ts AA-N-Ts AA-N-Ts 
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Figure 1.5.1. AA-Q-Ts (1.0 mM in benzene) to AA-N-Ts by RA catalysis with Orange CRET 

(0.1 mol%) – Aliquots removed and diluted to 5.0 x 10
-5

 M for UV-vis 

 

After 30 seconds, the conversion is nearly complete. At 15 minutes, the concentration of 

AA-N-Ts is actually slightly higher than the sample, as prepared, before irradiation. This 

phenomenon is commonly observed due to AA-N-Ts possessing an extremely high sensitivity to 

light. Even ambient light from fluorescent bulbs in the laboratory is sufficient to cause partial 

photoconversion to AA-Q-Ts within a matter of minutes. To negate this effect, samples are 

AA-N-Ts AA-Q-Ts 
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handled in the dark as much as possible. Optimally, all work should be done in a darkroom with 

red lighting.  

In order to determine the extent of rate acceleration for the conversion of AA-Q-Ts to 

AA-N-Ts by RA catalysis, it was necessary to measure the rate of thermal conversion as a basis 

for comparison. This was performed by dissolving AA-N-Ts in C6D6 in an NMR tube, degassing 

by three freeze-pump-thaw (FTP) cycles followed by flame sealing. The sample was 

photoconverted and an initial 
1
H-NMR spectrum was recorded. The sample tube was kept in a 

dark cabinet at room temperature (20 °C) and further 
1
H-NMR measurements were made at 

various time intervals (Figure 1.5.2) 
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Figure 1.5.2. Thermal conversion of AA-Q-Ts to AA-N-Ts (13 mM in benzene) at rt monitored 

by 
1
H-NMR 

  

From this data we obtain a half-life (t1/2) of 237 hours for AA-Q-Ts at 20 °C. Figure 1.5.1 

showed that a 0.1 mol% catalyst loading resulted in 11 % of AA-Q-Ts remaining after 30 

seconds. This gives a t1/2 = 9.4 seconds. Contrasting this value with the value obtained by the 

thermal conversion experiment (237 h = 853200 s), we arrive at a rate acceleration equal to 9.1 x 

10
4
. 

AA-Q-Ts AA-N-Ts 
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Higher catalyst loading naturally resulted in greater rate acceleration. An RA-catalysis 

experiment using 5.0 mol% Orange CRET is shown in Figure 1.5.3. With a 5.0 mol% catalyst 

load, the reaction is faster than can be observed by UV-Vis. At the first measurement (T = 10 s), 

the reaction has gone to completion, as subsequent measurements show no further progress. 

Though we were unable to observe an intermediate point which would allow for an accurate 

half-life calculation, it is possible to assign a maximum figure. If we consider that it requires 

seven half-lives for essentially all (>99 %) of the AA-Q-Ts to decay, then it can be calculated 

that t1/2 ≤ 1.4 s. This gives a minimum rate acceleration of 6.0 x 10
5
. 
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Figure 1.5.3. AA-Q-Ts to AA-N-Ts (5.0 x 10
-5

 M in benzene) RA catalysis with Orange CRET 

(5.0 mol%) 

 

It was also found that AA-Q-Ts could be oxidized to AA-N-Ts at a platinum electrode. 

This was discovered while performing CV experiments on AA-Q-Ts. CV measurements had 

already been made on AA-N-Ts, and the CV traces for AA-Q-Ts appeared identical. It was not 

expected that much change in the redox potential would be observed between the two isomers, 

but it was somewhat surprising to see no change. This led us to the idea that AA-Q-Ts was being 

AA-N-Ts AA-Q-Ts 
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oxidized to AA-N-Ts at the electrode surface and the latter was the species being observed in the 

CV trace. 

 An experiment was setup to test to what extent, if any, AA-Q-Ts was being converted to 

AA-N-Ts during the CV experiment. A sample of AA-Q-Ts was prepared for CV, and an aliquot 

was removed and diluted by a factor of 100 and analyzed by UV-Vis (Figure 1.5.4). 

  

Figure 1.5.4. Optical spectrum of AA-Q-Ts prepared for CV (diluted x100 in benzene) 

Four CV scans from 0.0 to 1.2 V vs. SCE at various rates were performed, and then another 

aliquot of the sample was removed and analyzed as before (Figure 1.5.5). 

AA-Q-Ts 
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Figure 1.5.5. Optical spectrum of the AA-Q-Ts CV sample after four scans (diluted x100 in 

benzene) demonstrating complete conversion to AA-N-Ts 

 

As can be seen from the data in Figure 1.5.5, the AA-Q-Ts has undergone complete 

conversion to AA-N-Ts after the CV experiment. Oxidation at a platinum electrode is effective 

in converting AA-Q-Ts to AA-N-Ts. 

 

1.6 PD-N-Ts/PD-Q-Ts Photochemistry 

 Photoconversion of PD-N-Ts to PD-Q-Ts is effected by visible light, though it was 

found that solar irradiation was sufficient only to result in partial conversion (Figure 1.6.1). Solar 

photoconversion was slow, and eventually appeared to reach a photostationary state. At that 

point, the sample was irradiated with an arc lamp, which effected full conversion to PD-Q-Ts. It 

AA-N-Ts 
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was found that a 400 nm cutoff filter was required, as experiments showed that when a 380 nm 

filter was used as with the irradiation of AA-N-Ts, the system established a photostationary state. 

This phenomenon tends to suggest that excitation of the low-wavelength band activates the back 

conversion of PD-Q-Ts to PD-N-Ts. 

 

 

 

 

Figure 1.6.1. Solar/arc lamp photoconversion of PD-N-Ts to PD-Q-Ts (5.0 x 10
-5

 M in benzene) 

 

Qualitatively, it was readily apparent that PD-N-Ts was not s sensitive towards 

photoconversion as AA-N-Ts. Ferrioxalate actinometry was used to quantify this property. The 

PD-N-Ts PD-Q-Ts 
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procedure was analogous to the one used for the quantum yield determination of AA-N-Ts-to-

AA-Q-Ts photoconversion. An example dataset is depicted in Figure 1.6.2. The experiment was 

run a total of four times, giving Φ = 0.033, 0.032, 0.033, and 0.033 for a mean of 0.03275 (+/- 

0.00043). This is a dramatic reduction in efficiency of the photoconversion compared with AA-

N-Ts. 

 

 

 

 

Figure 1.6.2. An example dataset for an PD-N-Ts actinometry experiment depicting changes in 

absorbance of the PD-N-Ts solutions and ferrioxalate/phenanthroline complexes 

 

PD-N-Ts PD-Q-Ts 
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The thermal stability of PD-Q-Ts was tested in analogous fashion to AA-Q-Ts. A sample 

of PD-N-Ts was dissolved in C6D6 in an NMR tube, degassed with three FTP cycles, then flame 

sealed. The sample was photoconverted to PD-Q-Ts and the thermal decay at 20 °C was 

monitored by 
1
H-NMR (Figure 1.6.3). The half-life of PD-Q-Ts was found to be significantly 

greater than that of AA-Q-Ts (292 vs. 237 h). 

 

 

 

 

Figure 1.6.3. Thermal conversion of PD-Q-Ts to PD-N-Ts (13 mM in benzene) at rt monitored 

by 
1
H-NMR 

PD-N-Ts PD-Q-Ts 
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 To determine the extent of rate acceleration imparted by RA catalysis, a sample of PD-N-

Ts was irradiated and then oxidized with Orange CRET (Figure 1.6.4). Notice a distinct 

advantage the PD system has here over the AA system. At dilute (5.0 x 10
-5

 M) concentration, 

the TON for PD-Q-Ts to PD-N-Ts is 50 times greater than that of the AA RA catalysis. This 

marked improvement may be attributed to the greater stability, and hence lifetime of the PD 

radical cation. Not only is the oxidation potential lower, but the PD unit is also able to delocalize 

its radical character across the two nitrogen atoms. Another factor which possibly contributes to 

PD’s greater lifetime is its somewhat higher degree of steric encapsulation, which could act as a 

barrier to any reductant or passivating agent, such as triplet oxygen. 
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Figure 1.6.4. PD-Q-Ts (5.0 x 10
-5

 M in benzene) to PD-N-Ts RA catalysis with Orange CRET 

(0.1 mol%) 

 

A consequence of the PD system’s reduced photosensitivity can be seen in the above 

figure. Recall that in the case of the AA system, oxidation of AA-Q-Ts would result in a higher 

final concentration of AA-N-Ts than was present in the sample as prepared. Here we see that the 

oxidation product returns to a concentration equal to that of the starting sample and no greater. 

Therefore, it is not critical to handle samples of PD-N-Ts in darkness. 

 

PD-N-Ts PD-N-Ts PD-Q-Ts 
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1.7 PD-N-Ts Crystal Structure 

 An interesting distinguishing factor between the AA and PD systems is that of the 

propensity for PD-N-Ts to crystallize. Though many methods were employed, we were entirely 

unsuccessful in growing crystals of AA-N-Ts. It is an amorphous solid. A possible explanation 

for this could be that we are dealing with a (presumed) racemic mixture of enantiomers in both 

AA-N-Ts and PD-N-Ts, with the chiral centers being the bridgehead carbons of the 

norbornadiene skeleton. It may well be, and this could be proven if we were able to resolve the 

enantiomers, that an enantiopure sample will indeed crystallize. I hypothesize that the disorder 

imposed by racemic mixture of molecules interferes with the crystal packing of AA-N-Ts to the 

extent that no crystal lattice can be established. There is another factor to consider with PD-N-

Ts, however. The bulky PD unit is the dominant feature of the molecule, as is evident from the 

molecular conformation taken from the X-ray crystal structure (Figure 1.7.1). The pi stacking 

and C-H pi interactions affecting the crystal packing of PD-N-Ts may be enough so as to 

overcome the disorder of the norbornadiene unit’s racemic character. The crystal system is 

triclinic and the space group is P-1. 
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Figure 1.7.1. Molecular conformation of PD-N-Ts as derived from the X-ray crystal structure 

 

1.8 The Necessity of the RA Unit: 4-BrPh-N-Ts and Ph-N-Ac 

 Thus far we have described the optical and redox properties of RA-N-Ts systems in 

depth, but now the questions arise: What is the RA’s contribution to the N-Q system? Is it really 

a necessary feature for photoelectrochromic switching? We shall address these questions by 

examining two N-Q systems which lack an RA unit: 4-BrPh-N-Ts and Ph-N-Ac.   

 Both systems were investigated to determine photochemical and redox properties. 

Experiments analogous to those performed with the AA-N-Ts and PD-N-Ts systems show 

marked differences here with no RA present. 
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 CV was employed to establish oxidation potentials and to determine the presence of 

redox couples. 4-BrPh-N-Ts was subjected to applied potential out to 1.8 V vs. SCE which is 

the maximum voltage in dichloromethane (Figure 1.8.1). It can be seen from the CV trace of 4-

BrPh-N-Ts that the compound shows only the beginning of an irreversible oxidation at about 1.6 

V vs. SCE. 

 

Figure 1.8.1. Cyclic voltammogram of 4-BrPh-N-Ts - 1.0 mM in dichloromethane (0.1 M 

TBABF4) at 20 mV/s scan rate 

 

The 4-BrPh-N-Ts system was examined to determine the efficacy of redox catalysis in 

converting 4-BrPh-Q-Ts to 4-BrPh-N-Ts (Figure 1.8.2). In contrast to systems bearing RA 

units, 4-BrPh-Q-Ts does not show redox catalysis to the N isomer under these conditions. This 

4-BrPh-N-Ts 
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is to be expected, as the system’s irreversible oxidation should not allow for the propagation of a 

catalytic cycle by the proposed mechanism. 

 

 

 

 

 

 

Figure 1.8.2. 4-BrPh-Q-Ts (1.2 x 10
-4

 M in benzene) oxidation with Orange CRET (5.0 mol%) 

 We prepared Ph-N-Ac (Scheme 1.8.1), which was described in the aforementioned report 

by Gassman and Hershberger. Freshly-distilled cyclopentadiene was reacted with 4-phenyl-3-

4-BrPh-N-Ts 4-Br Ph-N-Ts 4-BrPh-Q-Ts 
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butyn-2-one (neat) in the presence of a small amount of p-methoxyphenol to inhibit polymer 

formation. 

 

 

 

 

Scheme 1.8.1 Synthesis of Ph-N-Ac 

The product was analyzed by CV (Figure 1.8.3). As was the case with 4-BrPh-N-Ts, Ph-

N-Ac shows an irreversible oxidation, though with a slightly lower onset (about 1.5 V vs. SCE).  

Ph-N-Ac 

44 % 
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Figure 1.8.3. Cyclic voltammogram of Ph-N-Ac - 1.0 mM in dichloromethane (0.1 M TBABF4) 

at 20 mV/s scan rate 

 

The Ph-N-Ac system was examined to determine the efficacy of redox catalysis in 

converting Ph-Q-Ac to Ph-N-Ac (Figure 1.8.4). The result was quite interesting, as there is some 

degree of redox catalysis occurring. Though full conversion from Ph-Q-Ac to Ph-N-Ac was not 

attained, the amount converted was significantly greater than stoichiometric to Orange CRET (as 

was observed in the case of 4-BrPh-Q-Ts). 

 

 

 

Ph-N-Ac 
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Figure 1.8.4 Ph-Q-Ac (1.3 x 10
-4 

M in benzene) oxidation with Orange CRET (5.0 mol%) 

 

1.9 Other RA-N systems: Preliminary Studies of AA-N-Ns and AA-bis(N-Ts) 

 During the course of our investigation into RA-N systems, two were synthesized which 

have not been adequately explored. The synthesis of AA-N-Ns and AA-bis(N-Ts), as well as 

what limited data on hand pertaining to these compounds is described herein. 

Ph-N-Ac Ph-N-Ac Ph-Q-Ac 
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 AA-N-Ns was synthesized with the rationale that the substitution of a nosyl moiety in 

place of the tosyl moiety of AA-N-Ts would lead to a more pronounced bathochromic shift, 

placing a greater portion of the compound’s optical absorbance band into the visible portion of 

the electromagnetic spectrum. It was hypothesized that stronger electron-withdrawing effect of 

the nosyl moiety would lead to a greater push-pull effect across the alkene of the N skeleton. 

 

 

 

 

The synthetic route to AA-N-Ns (Scheme 1.9.1) was analogous to that of AA-N-Ts, the 

only exception being the requirement to synthesize the sulfinate salt. This reaction was not a 

trivial one, however. In the aqueous media required to dissolve the sulfite reagent, a competition 

between the desired reaction and hydrolysis of the sulfonyl chloride took place. This initially led 

to the formation of large amounts of the hydrolysis product. Reaction optimization revealed that 

conditions favoring the sulfinate product require a large excess of sodium sulfite, as well as 

cooling to ice-bath temperature. 

AA-N-Ns 
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Scheme 1.9.1 Synthesis of AA-N-Ns 

 The UV-vis spectrum of AA-N-Ns is shown overlaid with that of AA-N-Ts (Figure 

1.9.1). The expected bathochromic shift did occur upon installation of the nosyl moiety. 

However, the high-wavelength absorbance exists as a shoulder on a more intense absorbance 

band demonstrating a λmax of 366 nm in benzene. Note also that the peak absorbance of AA-N-

Ns is only around half that of AA-N-Ts. The absorption edge of AA-N-Ns is greatly shifted to 

higher wavelength, trailing out past 540 nm. 
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Figure 1.9.1 Optical spectra of AA-N-Ns and AA-N-Ts (5.0 x 10
-5

 M in benzene) 

 The photochemical behavior of AA-N-Ns was investigated, at least in a preliminary 

manner. A sample of 5.0 x 10
-5

 M sample of AA-N-Ns in benzene was irradiated with an arc 

lamp behind an IR filter and a 455 nm cutoff filter (Figure 1.9.2). After 5 min irradiation, no 

detectable change was observed. It may be the case that the long-wavelength absorbance band is 

not the active band in this compound. Further investigation of the photochemical behavior of 

AA-N-Ns is warranted. 

 

 

 

AA-N-Ts AA-N-Ns 
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Figure 1.9.2 Arc lamp photoconversion of AA-N-Ns with irradiation >455 nm in deaerated 

benzene at 5.0 x 10
-5

 M 

 

 Another RA-N derivative, AA-bis(N-Ts) was synthesized with the rationale that more 

energy could be derived per AMU by substituting two N reactive functions on a single AA unit. 

 

AA-N-Ns AA-Q-Ns 
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The preparation of AA-bis(N-Ts) is accomplished by reacting two equivalents 4-BrPh-

N-Ts with one equivalent p-anisidine under the N-arylation conditions of Hartwig et al. 

 

 

Scheme 1.9.2. Synthesis of AA-bis(N-Ts) 

  

 

AA-bis(N-Ts) 
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1.10 Conclusions 

 We have synthesized two novel photoelectrochromic N derivatives, AA-N-Ts and PD-N-

Ts, which support our hypothesis for RA catalysis. Both derivatives are converted from their N 

to Q forms by visible light, with AA-N-Ts exhibiting conversion upon exposure to indirect solar 

irradiation. The quantum yield at 405 nm for the AA-N-Ts system is high (Φ = 60 %), while the 

PD-N-Ts sensitivity is much lower (Φ = 3.3 %). The reason for this discrepancy remains 

unclear. The presence of the RA unit creates an N-based system exhibiting a redox couple with 

sufficient lifetime to propagate a redox-catalysis chain with high turnover. The strained Q 

isomers of theses derivatives possess half-lives in solution on the order of days. Upon oxidation, 

electronic perturberance imparted by the RA unit effect the Q-to-N conversion with a rate 

enhancement greater than five orders of magnitude. Preliminary studies of two other RA-N 

derivatives, AA-N-Ns and AA-bis(N-Ts) have been conducted.  

 

1.11  Experimental 

General Methods and Materials 

Norbornadiene was purchased from Alfa Aesar and distilled immediately prior to use to remove 

BHT. Sodium p-toluenesulfinate and 4-phenyl-3-butyn-2-one were purchased from TCI 

America. 4-bromostyrene was purchased from Amfinecom Inc. Copper iodide was purchased 

from Lancaster Chemical Co. All other reagents were purchased from Aldrich Chemical Co. and 

were used without further purification unless otherwise noted. Column chromatography was 

performed on silica gel (Silicycle, 40-63 μm). Melting points were recorded on a Mel Temp 

apparatus by Laboratory Devices and are uncorrected. Nuclear magnetic resonance spectra were 

recorded on Bruker AM360 and AM500 spectrometers.  Chemical shifts (δ) are reported relative 



56 
 

to positions of the residual hydrogen signals of the deuterated solvent. UV-visible spectra were 

collected on a Hewlett Packard 8452A diode array spectrophotometer. CV was performed on a 

PAR 273 electrochemical potentiostat (EG&G Instruments). n-Tetrabutylammonium 

tetrafluoroborate (TBABF4), a supporting electrolyte, was purchased from TCI America and was 

purified according to standard literature procedures,
41 

or recrystallized from 30 % ethanol three 

times, then dried in a vacuum oven (100 °C, 0.1 Torr) for 30 h.  Methylene chloride, a CV 

solvent (Fisher) was pre-dried by stirring over conc sulfuric acid, washed with H2O, neutralized 

with 5 % aqueous potassium hydroxide, and finally distilled from calcium hydride under nitrogen 

atmosphere according to standard literature procedures.
41

 

 

Synthesis 

Commercially available 4-bromostyrene (40.00 g, 218.5 mmol) was dissolved 

in chloroform (350 mL) in a 1 L round-bottom flask. The solution was 

magnetically stirred, and bromine (36.67 g, 229.4 mmol) in chloroform (50 

mL) was added dropwise over a 10 minute period. The reaction mixture was 

stirred for a further 10 minutes to give a reddish solution. A 5 % aqueous sodium bisulfite 

solution (400 mL) was added and stirred vigorously for 15 minutes (until the organic phase 

decolorized). The organic phase was separated, dried over anhyd magnesium sulfate, and 

evaporated in vacuo. The resultant clear, colorless oil was subjected to high vacuum, at which 

point 1 rapidly solidified to a crystalline mass (73.07 g, 98 %): mp = 58-59 °C, lit
42

 = 56-58 °C. 

1
H-NMR (360 MHz, CDCl3) δ 7.52 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 5.09 (dd, J1 = 

5.1 Hz, J2 = 11.0 Hz, 1H), 4.07 (dd, J1 = 5.1 Hz, J2 = 10.3 Hz, 1H), 3.97 (m, 1H). 
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Tribromide 1 (73.07 g, 213.1 mmol) was stirred in ethanol (320 mL) in a 1 L 

round-bottom flask. The flask was fitted with a Liebig condenser, and the 

mixture heated to reflux. Once all solid material had dissolved, potassium 

hydroxide pellets (85 %, 56.27 g, 852.5 mmol) were added through the top of the condenser. The 

reaction mixture was stirred at reflux under N2 atmosphere for 2.5 h. The reaction flask was 

transferred directly to a rotary evaporator and concentrated in vacuo to a sticky solid. This 

material was partitioned between 5 % aqueous ammonium chloride (400 mL) and methylene 

chloride (400 mL). The organic phase was washed with H2O (2 x 200 mL), dried over Na2SO4, 

and evaporated in vacuo to yield 2 (which decomposes relatively rapidly, and should be used 

immediately, or stored at -20 °C for only a short time.) as pale yellow crystals (37.83 g, 98 %): 

mp = 63-64 °C, lit
43

 = 64 °C. 
1
H-NMR (360 MHz, CDCl3) δ 7.46 (d, J = 8.4 Hz, 2H), 7.35 (d, J 

= 8.4 Hz, 2H), 3.128 (s, 1H).  

  

Terminal alkyne 2 (5.43 g, 30.0 mmol), sodium p-toluenesulfinate (6.41 g, 36.0 

mmol), and sodium iodide (5.40 g, 36.0 mmol) were placed in a flame-dried, 1 

L round-bottom flask with magnetic stir bar. Acetonitrile (270 mL) was added 

and the mixture was stirred. Ceric ammonium nitrate (41.12 g, 75.00 mmol) was 

dissolved in acetonitrile (180 mL), and added to the stirring mixture at once. The reaction 

mixture was stirred under N2 atmosphere for 1.5 h. The reaction flask was transferred directly to 

a rotary evaporator and stripped of solvent in vacuo. The resultant yellow solid was partitioned 

between H2O (450 mL) and methylene chloride (450 mL) in the reaction flask. The biphasic 

mixture was stirred, and solid sodium sulfite was added in small portions by scoopula until the 

brown color of excess iodine disappeared. The organic phase was pale yellow at this point. The 
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mixture was transferred to a 2 L separatory funnel. The layers were separated and the aqueous 

phase was extracted with methylene chloride (450 mL). Pooled organics were washed with H2O 

(100 mL), dried over anhyd sodium sulfate and evaporated in vacuo to give a pale, yellow solid. 

This solid was dissolved in a minimal amount of hot methanol, allowed to cool to rt, and then 

placed in a freezer. Vacuum filtration yielded 3 as colorless needles (5.50 g, 78 %): mp = 157-

159 °C. 
1
H-NMR (360 MHz, CDCl3) δ 7.50 (d, J = 8.3 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 7.34 (s, 

1H), 7.23 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 8.6 Hz, 2H), 2.43 (s, 3H); 
13

C-NMR (125 MHz, 

acetone-d6) δ 145.55, 142.50, 140.39, 138.49, 131.77, 130.61, 130.08, 128.56, 123.89, 112.04, 

22.22. HRMS m/z: calc. for M
+
 C15H12O2BrIS = 461.8795, found = 461.8786.  

 

Vinyl iodide 3 (32.38 g, 69.76 mmol) was placed in a 2 L round-bottom 

flask with magnetic stir bar. Toluene (800 mL) was added, and the mixture 

was stirred, ensuring that all solid was dissolved. Potassium tert-butoxide 

(0.375 M in tert-butanol) was titrated into the stirring solution over a 2 h period until TLC (silica 

gel, methylene chloride/hexanes 1:1) indicated complete consumption of 3. The solvent was then 

evaporated in vacuo. The resultant residue was partitioned between methylene chloride (500 mL) 

and H2O (500 mL). The layers were separated and the aqueous phase was extracted with 

methylene chloride (500 mL). Pooled organics were washed with H2O (100 mL), dried over 

anhyd sodium sulfate and evaporated in vacuo to yield 4 as pale, yellow crystals (23.71 g, 

quant): mp = 135-137 °C. 
1
H-NMR (360 MHz, CDCl3) δ 7.95 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 

8.6 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 2.49 (s, 3H); 
13

C-NMR (125 

MHz, acetone-d6) δ 146.92, 140.15, 135.34, 133.40, 131.38, 128.41, 127.22, 118.06, 92.35, 

88.01, 22.69. HRMS m/z: calc. for M
+
 C15H11O2BrS = 333.9663, found = 333.9663. 
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Acetylenic sulfone 4 (4.22 g, 12.6 mmol), cyclopentadiene (1.23 mL, 15.1 

mmol) and chloroform (20 mL) were combined in 50 mL round-bottom flask 

with magnetic stir bar. The flask was sealed with a plastic stopper secured with 

several wraps of black electrical tape. The reaction flask was placed on a 60 °C 

oil bath and stirred for 15 h. The solvent was evaporated in vacuo to give a 

pale, yellow oil which crystallized upon standing. Recrystallization from ethanol yielded 4-

BrPh-N-Ts as colorless prisms (4.97 g, 98 %): mp = 138-139 °C. 
1
H-NMR (360 MHz, CDCl3) δ 

7.49 (d, J = 8.4, 2H), 7.46 (d, J = 8.1, 2H), 7.31 (d, J = 8.4, 2H), 7.20 (d, J = 8.0, 2H), 6.74 (dd, 

J1 = 3.3 Hz, J2 = 4.3 Hz, 1 H), 6.54 (dd, J1 = 3.3 Hz, J2 = 4.3 Hz, 1H), 3.91 (br s, 1H), 3.81 (br s, 

1 H), 2.38 (s, 3H), 2.30 (d, J = 6.8 Hz, 1H), 2.00 (d, J = 6.8 Hz, 1H); 
13

C-NMR (125 MHz, 

acetone-d6) δ 163.16, 148.88, 145.22, 143.54, 140.68, 138.28, 134.21, 131.90, 131.10, 130.75, 

128.70, 123.85, 71.66, 61.07, 55.84, 22.53. HRMS m/z: calc. for M
+
 C20H17O2BrS = 400.0139, 

found = 400.0133. 

 

Sublimed p-anisidine (12.32 g, 0.1000 mol) and 4-bromoanisole 

(12.51 mL, 0.1000 mol) were placed in a flame-dried 500 mL 

round-bottom flask with magnetic stir bar inside a dry box. The 

mixture was stirred in toluene (200 mL) until dissolved. Pd(dba)2 

(0.115 g, 0.200 mmol), P(t-Bu)3 (0.040 g, 0.20 mmol), and NaOt-Bu (14.42 g, 0.1500 mol) were 

added and the flask was fitted with an oil bubbler then transferred to a 60 °C oil bath. The 

reaction mixture was stirred under N2 for 1 h then diluted with ~200 mL tetrahydrofuran and 

vacuum filtered through a 60 x 20 mm plug of basic alumina (activity III). The filtrate was 

concentrated in vacuo to give a sticky purple solid. Recrystallization from ethanol afforded very 
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pale purple crystals (17.71 g, 77 %): mp = 99-101 °C, lit
44

 = 101-103 °C.  
1
H-NMR (360 MHz, 

CDCl3) δ 6.93 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.5 Hz, 2H), 3.78 (s, 6H). 

 

Commercially available 4-Aminoacetanilide (5.00 g, 33.3 

mmol), 4-iodoanisole (38.97 g, 165.5 mmol), copper powder 

(6.35 g, 100 mmol), anhyd potassium carbonate (13.83 g, 100 

mmol), and diphenyl ether (15.0 mL) were combined in a 250 

mL round-bottom flask. The reaction mixture was heated to 190 

°C in a silicone oil bath and mechanically stirred for 48 h. 

During the course of the reaction, a large amount of water was evolved and driven off as steam. 

This was particularly noticeable during the first several hours. The reaction mixture was removed 

from heat and allowed to cool, then diluted in ~150 mL benzene and vacuum filtered through 

celite. The filtrate was concentrated in vacuo. Dry column vacuum chromatography (silica gel, 

ethyl acetate/hexanes 5 % gradient) afforded 6 as a pale yellow solid (12.82 g, 82 %): mp = 110-

112 °C, lit
45

 = 111 °C.  
1
H-NMR (360 MHz, CDCl3) δ 7.19 (d, J = 8.9 Hz, 2H), 7.10-6.97 (m, 

6H), 6.94-6.75 (m, 8H), 3.79 (s, 9H), 2.06 (s, 3H). 

 

Arylamine 6 (12.34 g, 26.34 mmol), potassium hydroxide (3.55 

g, 63.31 mmol), and ethanol (40 mL) were combined in a 250 

mL round-bottom flask with magnetic stir bar. The reaction 

mixture was refluxed under N2 for 24 h, allowed to cool, and 

then poured into 600 mL H2O. This was extracted with diethyl 

ether (450 mL x 3) and the pooled organics were dried over 
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anhyd potassium carbonate. The solution was filtered and concentrated in vacuo to a volume of 

~50 mL then passed through a short column of basic alumina (activity III). Concentration to 

dryness gave 7 (which oxidizes rapidly and must be stored under inert atmosphere at -20 °C) as a 

tan solid (10.80 g, 96 %): mp = 85-87 °C, lit
45

 = 87-88 °C. 
1
H-NMR (500 MHz, CD3CN) δ 6.97 

(d, J = 8.9 Hz, 2H), 6.89 (d, J = 9.0 Hz, 4H), 6.85-6.80 (m, 6H), 6.79 (d, J = 9.0 Hz, 4H) 6.23 (br 

s, 1H), 3.72 (s, 9H). 

 

Aryl bromide 4-BrPh-N-Ts (0.807 g, 2.00 mmol), 5 (0.459 g, 2.00 

mmol), Pd(dba)2 (0.058 g, 0.10 mmol), P(t-Bu)3 (0.020 g, 0.10 

mmol), and NaOt-Bu (0.288 g, 3.00 mmol) was dissolved in 4.0 mL 

anhyd tetrahydrofuran in a dry box. The reaction mixture was stirred 

under N2 for 48 h, then taken up in ethyl acetate and filtered through 

a 12.5x25 mm plug of basic alumina (activity III). The filtrate was 

concentrated in vacuo, and the resultant brown oil placed under high 

vacuum to give an orange foam-like solid. Flash column chromatography (basic alumina, 

ether/pet ether 1:1) yielded AA-N-Ts as a bright-yellow, amorphous solid (1.05 g, 95 %). Tg = 

71-83 °C. 
1
H-NMR (360 MHz, DMSO-d6) δ 7.53 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.8 Hz, 2H), 

7.34 (d, J = 8.2 Hz, 2H), 7.07 (d, J = 8.9 Hz, 4H), 6.95 (d, J = 9.0 Hz, 4H), 6.80 (dd, J1 = 3.2 Hz, 

J2 = 4.5 Hz, 1H), 6.64 (m, 3H), 3.93 (br s, 1H), 3.86 (br s, 1H), 3.75 (s, 6H), 2.37 (s, 3H), 2.08 

(d, J = 6.8 Hz, 1H), 1.87 (d, J = 6.8 Hz, 1H); 
13

C-NMR (125 MHz, acetone-d6) δ 164.20, 157.81, 

150.91, 144.61, 143.94, 143.46, 140.89, 139.30, 130.84, 130.50, 128.58, 128.46, 125.68, 118.47, 

116.13, 70.48, 60.63, 56.58, 55.76, 22.54. Anal. calc. for C34H31NO4S: C, 74.29; H, 5.68; N, 

2.55%. Found: C, 74.14; H, 5.69; N, 2.48%. 
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AA-N-Ts (0.100 g, 0.182 mmol), anhyd potassium carbonate (0.503 

g, 3.64 mmol), and benzene (5.0 mL) were combined in a vial with a 

magnetic stir bar and fitted with a rubber septum. The mixture was 

purged with N2 for 5 min while stirring. The septum was replaced 

with a plastic screw-on cap (while under a cone of N2) and then 

wrapped with paraffin film. The vial was placed inside a Rayonet 

reactor with 350 nm bulbs and irradiated for 7 h while stirring. The 

reaction mixture was filtered through a 0.5 cm plug of basic alumina (activity III), held in place 

by a small plug of glass wool, all contained within a disposable pipet. The reaction mixture was 

pushed through the pipet filter by N2 pressure. *USE CAUTION - disposable pipets can easily 

burst under pressure. The filtrate was concentrated in vacuo to obtain a puffy, pale yellow solid 

(0.077 g, 77%). Tg = 64-74 °C. 
1
H-NMR (360 MHz, C6D6) δ 7.75 (d, J = 8.2 Hz, 2H), 7.28 (d, J 

= 9.0 Hz, 4H), 7.23-7.16 (m, 4H), 6.95 (d, J = 8.0 Hz, 2H), 6.90 (d, J = 9.0 Hz, 4H), 3.47 (s, 6H), 

2.83 (dd, J1 = 1.4 Hz, J2 = 5.2 Hz, 1H), 2.68 (dd, J1 = 2.6 Hz, J2 = 5.2 Hz, 1H), 2.13 (d, J = 11.8 

Hz, 1H), 2.03 (s, 3H), 1.87 (dd, J1 = 2.6 Hz, J2 = 4.8 Hz, 1H), 1.79 (d, J = 11.8 Hz, 1H), 1.40 

(dd, J1 = 1.4 Hz, J2 = 4.8 Hz, 1H). 
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Aryl bromide 4-BrPh-N-Ts (0.807 g, 2.00 mmol), 7 (0.853 

g, 2.00 mmol), Pd(dba)2 (0.115 g, 0.200 mmol), P(t-Bu)3 

(0.040 g, 0.20 mmol), and NaOt-Bu (0.288 g, 3.00 mmol) 

was dissolved in 4.0 mL anhyd toluene in a dry box. The 

reaction mixture was stirred under N2 for 23 h on a 50 °C oil 

bath, then taken up in tetrahydrofuran and filtered through a 

12.5x25 mm plug of basic alumina (activity III). The filtrate 

was concentrated in vacuo, and the resultant brown oil was absorbed onto silica gel and loaded 

onto a silica gel column. Elution with ethyl acetate/hexanes 1:3 yielded PD-N-Ts as a bright-

yellow solid (1.35 g, 90 %): mp = 207-208 °C. 
1
H-NMR (360 MHz, CDCl3) δ 7.54 (d, J = 8.3 

Hz, 2H), 7.38 (d, J = 8.9 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 8.9 Hz, 2H), 7.06 (d, J = 

9.0 Hz, 4H), 6.93 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 9.0 Hz, 4H), 6.86 (d, J = 8.9 Hz, 2H), 6.83 (d, 

J = 9.0 Hz, 4H), 6.69 (dd, J1 = 3.0 Hz, J2 = 5.0 Hz, 1H), 6.54 (dd, J1 = 2.9 Hz, J2 = 4.5 Hz, 1H), 

3.91 (br s, 1H), 3.88 (br s, 1H), 3.82 (s, 3H), 3.80 (s, 6H), 2.39 (s, 3H), 2.25 (d, J = 6.8 Hz, 1H), 

1.96 (d, J = 6.8 Hz, 1H). HRMS m/z: calc. for M
+
 C47H42N2O5S = 746.2824, found = 746.2814. 

Crystals for XRD analysis were grown by vapor diffusion of pet ether into a saturated solution of 

PD-N-Ts in ethyl acetate at rt. 
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PD-N-Ts (7.5 mg, 1.0 x 10
-5

 mol) was dissolved in 0.75 mL 

C6D6 in an NMR tube. The tube was connected to a high 

vacuum manifold using a Cajon coupling. The sample was 

frozen with liquid nitrogen, and then vacuum was applied. 

When the pump reached ultimate vacuum (~0.05 Torr), the 

vacuum valve was closed at the manifold. The liquid nitrogen 

was then removed and the sample allowed to thaw. This 

thawing was accompanied by a noticeable amount of gas evolution. This completed one freeze-

pump-thaw cycle, a process which was repeated twice more. By the end of the third and final 

cycle, no gas evolution could be observed, and the sample was determined to be thoroughly 

degassed. At this point, the sample was frozen once more, and vacuum was reapplied. The 

vacuum was not turned off at the manifold this time; the pump was allowed to pull an active 

vacuum on the frozen solution during the flame-sealing process. The sample was sealed by 

slowly and evenly heating the wall of the tube around its circumference using a propane torch 

until the sides eventually collapsed fully inward, being pulled by the applied vacuum. The tube 

was then heated at the sealed juncture and gently pulled until the molten glass separated. The 

sample was irradiated for 30 min with a 500 W Hg-Xe arc lamp behind an Oriel 51472 (400 nm) 

cut-off filter, and a water-filled quartz cylinder (to absorb IR). The product was not isolated, 

though the reaction yield (based on NMR) was 79 %.  
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Freshly distilled cyclopentadiene (1.280 mL, 15.50 mmol), 4-phenyl-3-butyn-2-

one (1.580 mL, 11.07 mmol), and 15 mg p-methoxyphenol (to inhibit polymer 

formation) were combined in a 65 mL pressure vessel with magnetic stir bar 

inside a dry box. The vessel was sealed, removed from the dry box, and placed on 

a 160 °C oil bath. *CAUTION – the sealed vessel is under very high pressure during the 

reaction. The reaction mixture was stirred for 18 h, at which point the vessel was removed from 

heat and immediately submerged in an ice bath. Rapid cooling is imperative in order to avoid 

dimerization of excess cyclopentadiene (the dimer, dicyclopentadiene, is difficult to remove 

from the product). The reaction mixture was diluted in ~20 mL dichloromethane, and then 

transferred to a 50 mL round-bottom flask. The solvent was removed in vacuo, and the crude 

material was purified by Kugelrohr distillation to give Ph-N-Ac as a yellow oil (1.02 g, 44 %): 

1
H-NMR (360 MHz, CDCl3) δ 7.40-7.26 (m, 5H), 6.99 (dd, J1 = 3.0 Hz, J2 = 5.0 Hz, 1H), 6.89 

(dd, J1 = 3.2 Hz, J2 = 4.6 Hz, 1H), 4.09 (br s, 1H), 3.79 (br s, 1H), 2.24 (dt, J1 = 1.6 Hz, J2 = 6.6 

Hz, 1H), 2.05 (dt, J1 = 1.5 Hz, J2 = 6.6 Hz, 1H), 2.00 (s, 3H). 

 

Ph-N-Ac (8.3 mg, 4.0 x 10
-5

 mol) was dissolved in 500 μL CD2Cl2 in an NMR 

tube. The sample was purged with N2 for 1 min. The sample was irradiated for 1 h 

with a 500 W Hg-Xe arc lamp behind a water-filled quartz cylinder (to absorb IR) 

while magnetically stirring. The product was not isolated, though the reaction 

yield (based on NMR) was > 99 %. 
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Sodium sulfite (6.30 g, 50.00 mmol) was dissolved in H2O (25 mL) and 

cooled to 0 °C on an ice bath. Commercially available 4-

nitrobenzenesulfonyl chloride (1.11 g, 5.00 mmol) was added in small 

portions over a 10 min period. The reaction mixture was stirred a 0 °C for 20 min, then removed 

from the ice bath and stirred for an additional 2.5 h. The mixture was made strongly basic (pH 

~14) by the careful addition of 1 N sodium hydroxide. 1,4-dioxane (200 mL) was added, and a 

colorless crystalline mass rapidly formed. Vacuum filtration afforded a filtrate which was 

evaporated in vacuo. The resultant orange-yellow solid was dissolved in a minimal amount of 

hot toluene/ethanol (1:1) and the solution was allowed to cool to room temperature. Upon 

standing, yellow crystals began to form, and the solvent was allowed to evaporate until the 

mother liquor became nearly colorless. Vacuum filtration yielded 8 (0.88 g, 84 %) as bright 

yellow needles: 
1
H-NMR (360 MHz, DMSO-d6) δ 8.17 (d, J = 8.6 Hz, 2H), 7.68 (d, J = 8.6 Hz, 

2H). 

 

Sulfinate salt 8 (0.75 g, 3.6 mmol), 4-bromophenylacetylene (0.65 g, 3.6 

mmol), and sodium iodide (0.64 g, 4.3 mmol) were placed in a 250 mL round-

bottom flask with stir bar. Acetonitrile (30 mL) was added and the mixture 

stirred under N2. A solution of ceric ammonium nitrate (4.93 g, 9.0 mmol) in 

acetonitrile (25 mL) was added at once and the brown reaction mixture was stirred for 1 h 45 

min. The reaction flask was transferred directly to a rotary evaporator, and the solvent was 

evaporated in vacuo. The resultant residue was partitioned between methylene chloride (50  mL) 

and H2O (50 mL). The organic phase was separated and washed with H2O (50 mL) then 5 % 

sodium bisulfate (50 mL). Pooled aqueous phases were back-extracted with methylene chloride 
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(50 mL). Pooled organics were washed with brine (10 mL), dried over magnesium sulfate, and 

evaporated in vacuo to afford a pale yellow solid. Recrystallization from hot ethanol yielded 9 

(1.39 g, 78 %) as colorless crystals: 
1
H-NMR (360 MHz, CDCl3) δ 8.27 (d, J = 8.9 Hz, 2H), 7.78 

(d, J = 8.9 Hz, 2H), 7.46 (d, J = 8.6 Hz, 2H), 7.38 (s, 1H) 7.10 (d, J = 8.6 Hz, 2H). 

 

Vinyl iodide 9 (0.174, 0.352 mmol) was dissolved in 5.0 mL toluene/tert-

butanol (1:1) and stirred under N2 on a 50 °C oil bath until dissolved. 0.30 

M potassium tert-butoxide solution in toluene (1.20 mL) was added and 

the reaction mixture was stirred for 40 min. The reaction flask was removed from heat and 

transferred directly to a rotary evaporator. Evaporation of solvent in vacuo gave a yellow residue 

which was partitioned between diethyl ether (10 mL) and H2O (10 mL). The aqueous phase was 

extracted twice more with diethyl ether (2 x 10 mL). Pooled organics were washed with brine 

(10 mL), dried over magnesium sulfate, and evaporated in vacuo to yield 10 (0.128 g, 99 %) as a 

yellow solid: 
1
H-NMR (360 MHz, CDCl3) δ 8.45 (d, J = 8.7 Hz, 2H), 8.27 (d, J = 8.7 Hz, 2H), 

7.56 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H). 

 

Acetylenic sulfone 10 (0.640 g, 1.74 mmol), cyclopentadiene (171 uL, 2.09 

mmol) and chloroform (30 mL) were placed in a 65 mL pressure vessel with stir 

bar. The vessel was sealed and stirred on a 60 °C oil bath for 64 h. The solvent 

was evaporated in vacuo to yield 4-BrPh-N-Ns (0.758 g, 100 %) as a pale yellow 

solid: 
1
H-NMR (360 MHz, DMSO-d6) δ 8.34 (d, J = 8.9 Hz, 2H), 7.89 (d, J = 8.9 
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Hz, 2H), 7.62 (d, J = 8.5 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 6.92 (dd, J1 = 3.2 Hz, J2 = 4.6 Hz 

1H), 6.69 (dd, J1 = 3.0 Hz, J2 = 4.7 Hz 1H), 3.95 (br s, 1H), 3.91 (br s, 1H), 2.25 (d, J = 7.0 Hz, 

1H), 1.97 (d, J = 7.0 Hz, 1H). 

 

 

Aryl bromide 4-BrPh-N-Ns (0.216 g, 0.500 mmol), 5 (0.115 g, 0.500 

mmol), Pd(dba)2 (0.029 g, 5.0x10-5 mol), P(t-Bu)3 (0.010 g, 5.0 x 

10
-5 

mol), NaOt-Bu (0.072 g, 0.75 mmol), and toluene (1.0 mL) were 

placed in a 5 mL Schlenk tube inside a dry box. The tube was sealed 

and stirred on a 60 °C oil bath for 3 h. The reaction mixture was 

allowed to cool to room temperature, then diluted in tetrahydrofuran 

and filtered through a plug of basic alumina (activity III). The filtrate was adsorbed onto Celite 

and loaded onto a column of silica gel. Elution with ethyl acetate/hexanes (1:3) yielded AA-N-

Ns (0.268 g, 92 %) as a red solid: 
1
H-NMR (500 MHz, DMSO-d6) δ 8.33 (d, J = 8.8 Hz, 2H), 

7.89 (d, J = 8.8 Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.07 (d, J = 8.9 Hz, 4H), 6.95 (d, J = 8.9 Hz, 

4H), 6.83 (dd, J1 = 3.0 Hz, J2 = 4.7 Hz 1H), 6.74 (dd, J1 = 3.0 Hz, J2 = 4.4 Hz 1H), 6.63 (d, J = 

8.8 Hz, 2H), 3.98 (br s, 1H), 3.96 (br s, 1H), 3.76 (s, 6H), 2.14 (d, J = 6.7 Hz, 1H), 1.92 (d, J = 

6.7 Hz, 1H). 
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Aryl bromide 4-BrPh-N-Ts (0.403 g, 1.00 mmol), p-

anisidine (0.062 g, 0.50 mmol), Pd(dba)2 (0.058 g, 0.10 

mmol), P(t-Bu)3 (0.020 g, 0.10 mmol), NaOt-Bu (0.144 g, 

1.50 mmol), and anhyd toluene (2.0 mL) were placed in a 

5 mL Schlenck tube inside a dry box. The tube was sealed 

and stirred on a 60 °C oil bath for 6.5 h. The reaction 

vessel was then removed from heat and allowed to cool to 

rt. The reaction mixture was diluted with ~5 mL ethyl 

acetate, and then filtered through a 40 x 20 mm plug of basic alumina (activity III). The filtrate 

was concentrated in vacuo to give a reddish-brown oil. The oil was placed under high vacuum to 

obtain a dark, fluffy solid. The solid was adsorbed onto Celite and loaded onto a short (5 cm) 

column of basic alumina (activity I). Elution with diethyl ether gave AA-bis(N-Ts) (0.490 g, 64 

%) as a yellow solid. 

 

Photochemical Experiments 

[Figure 1.3.1. Optical spectra of N, AA-N-Ts, and PD-N-Ts at 5.0 x 10
-5

 M in acetonitrile] 

Solutions (5.0 x 10
-5

 M in acetonitrile) of N, AA-N-Ts, and PD-N-Ts were prepared by 

successive dilution. N (5.1 μL, 5.0 x 10
-5

 mol) was dissolved in acetonitrile to 10.0 mL in a 

volumetric flask to give a 5.0 x 10
-3

 M solution. A 500 μL gas-tight syringe was used to transfer 

100 μL of the N solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark 

with acetonitrile to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz 

cuvette and the optical spectrum was measured. AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved 

in acetonitrile to 10.0 mL in a volumetric flask to give a 5.0 x 10
-4

 M solution. A 500 μL gas-
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tight syringe was used to transfer 1.0 mL of the AA-N-Ts solution to an empty 10.0 mL 

volumetric flask. This flask was filled to the mark with acetonitrile to give a 5.0 x 10
-5

 M 

solution. The solution (3.0 mL) was placed in a quartz cuvette and the optical spectrum was 

measured. PD-N-Ts (3.7 mg, 5.0 x 10
-6

 mol) was dissolved in acetonitrile to 10.0 mL in a 

volumetric flask to give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 

1.0 mL of the PD-N-Ts solution to an empty 10.0 mL volumetric flask. This flask was filled to 

the mark with acetonitrile to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a 

quartz cuvette and the optical spectrum was measured. 

  

[Figure 1.4.1. Arc lamp photoreaction of AA-N-Ts with irradiation >385 nm in deaerated 

benzene at 5.0 x 10
-5

 M] 

  

AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the AA-

N-Ts solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured. The sample was then irradiated with the 500 W Hg-Xe arc 

lamp behind an Oriel cut-off filter 51460 (385 nm) and a water-filled quartz cylinder (to absorb 

IR). Subsequent optical spectra were measured after 2, 3, 4, and 5 s total irradiation time. 

 

[Figures 1.4.2. and 1.4.3. 
1
H-NMR spectra (360 MHz) of AA-N-Ts in d6-benzene before and 

after exposure to indirect sunlight] 

  

AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved in C6D6 (0.75 mL) and placed in an NMR tube. 

The sample was purged with N2 for 1 min then capped and sealed with paraffin film. The 
1
H-
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NMR was measured. The tube was placed in an Erlenmeyer flask, and then set in a windowsill, 

exposing the sample to indirect sunlight for 55 min. The 
1
H-NMR was measured. 

 

[Figure 1.4.4. Solar photoconversion of AA-N-Ts to AA-Q-Ts through a glass window in 

deaerated benzene at 5.0 x 10
-5

 M] 

  

AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the AA-

N-Ts solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured. The cuvette was set in a windowsill, exposing the sample to 

indirect sunlight. Subsequent optical spectra were measured after 30, 60, 90, 120, and 150 s total 

irradiation time. 

 

[Figure 1.4.6. An example dataset for an AA-N-Ts actinometry experiment depicting 

changes in absorbance of the AA-N-Ts solutions and ferrioxalate/phenanthroline 

complexes] 

  

Potassium oxalate monohydrate (8.29 g, 45.0 mmol) was dissolved in DI H2O to 30.0 mL to give 

a 1.50 M solution. Anhyd iron(III) chloride (2.43 g, 15.0 mmol) was dissolved in DI H2O to 10.0 

mL to give a 1.50 M solution. The two solutions were combined in a 125 mL Erlenmeyer flask 

and stirred for 5 min. The flask was sealed with paraffin film and placed in an ice bath in the 

dark for 30 min to obtain bright green crystals which were recrystallized twice from warm (~50 

°C) H2O. To dry the resulting potassium ferrioxalate trihydrate crystals, the material was placed 

in a foil-covered Erlenmeyer flask and heated on an oil bath to 50 °C. A stream of dry air was 

blown over the crystals overnight (~16 h). A stock solution of ferrioxalate was prepared by 

dissolving potassium ferrioxalate trihydrate (0.590 g, 1.20 mmol) to 100 mL with 0.05 M 
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aqueous sulfuric acid. This gave a stabilized 0.012 M ferrioxalate solution. A stock solution of 

phenanthroline (the developing reagent) was prepared by dissolving 1,10-phenanthroline (0.100 

g, 0.554 mmol) and sodium acetate trihydrate (22.50 g, 165.3 mmol) to 100 mL with aqueous 0.5 

M sulfuric acid. Both stock solutions were stored in amber bottles in a dark cabinet.  

The actinometry experiment was carried out as follows: first a blank consisting of 3.0 mL 

benzene in a quartz cuvette was placed in direct contact with a second cuvette containing 3.0 mL 

ferrioxalate stock solution. The lens of a 405 nm GaN laser drawing 50 mA was placed in direct 

contact with the benzene blank. The blank was irradiated for 30 s while stirring, and then the 

ferrioxalate solution was treated with 0.50 mL phenanthroline solution and allowed to stand for 

~5 min. The orange Fe
2+

/phenanthroline complex was observed by UV-vis and its absorbance at 

510 nm was recorded (1.43). AA-N-Ts (1.14 mg, 2.07 x 10
-6

 mol) was placed in a 25.0 mL 

volumetric flask and filled to the mark with benzene to give an 8.30 x 10
-5

 M solution. The AA-

N-Ts solution (3.0 mL) in a quartz cuvette was observed by UV-vis and its absorbance at 386 nm 

was recorded (1.60). This cuvette was then placed in direct contact with a second cuvette 

containing 3.0 mL ferrioxalate stock solution. The lens of a 405 nm GaN laser drawing 50 mA 

was placed in direct contact with the cuvette containing AA-N-Ts. The sample was irradiated for 

30 s while stirring, and then the ferrioxalate solution was treated with 0.50 mL phenanthroline 

solution and allowed to stand for ~5 min. The AA-N-Ts sample was observed by UV-vis and its 

absorbance at 386 nm was recorded (0.451). The Fe
2+

/phenanthroline complex was observed by 

UV-vis and its absorbance at 510 nm was recorded (0.415).  

The number of photons absorbed by AA-N-Ts was determined by calculating the 

difference in moles of Fe
2+

 generated in the ferrioxalate solutions from the blank run and the 

AA-N-Ts run according to the following equation:
33
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moles Fe2+ = 
__________________________

 

 

where V1 is the irradiated volume, V2 is the aliquot of the irradiated solution taken for the 

determination of the Fe
2+

 ions (which is equal to V1, since no aliquot was removed), V3 is the 

final volume after complexation with phenanthroline (all in mL), l is the optical pathlength (in 

cm) of the cuvette, ΔA(510 nm) the optical difference in absorbance between the irradiated AA-

N-Ts solution and that of the blank, ε(510 nm) is the molar absorptivity of the 

Fe
2+

/phenanthroline complex (11100 L mol
-1

 cm
-1

 at λmax 510 nm). Substituting the experimental 

values for AA-N-Ts gave 3.22 x 10
-7

 moles Fe
2+

: 

 

3.22 x 10
-7

 mole Fe
2+

 = 
_____________________________________

 

 

The moles of photons absorbed by the irradiated solution per unit time are given by the following 

equation: 

 

Nhν / t = 
_________________

 

 

where Φλ is the quantum yield of Fe
2+

 ion production at the irradiation wavelength (1.14 at 405 

nm) (note that the quantum yield is greater than one. This is due to the fact that two Fe
2+

 ions are 

generated for every reactive photon), t is the irradiation time, and F is the mean fraction of light 

absorbed by the ferrioxalate solution (this may be assumed to be equal to unity, provided that no 

light may be detected exiting the ferrioxalate solution. This can be determined by placing a white 

V1 x V3 x ΔA(510 nm) 

10
3
 x V2 x l x ε(510 nm) 

3.0 mL x 3.5 mL x (1.43 – 0.415) 

10
3
 x 3.0 mL x 1.0 cm x 11100 

moles of Fe
2+

 

Φλ x t x F 
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sheet of paper behind the cuvette to check for unabsorbed light). Substituting the experimental 

values for AA-N-Ts gave 9.42 x 10
-9

 moles hν/s. 

 

 

9.42 x 10
-9

 moles hν/s = 
______________________________

 

 

The moles of AA-N-Ts reacted may be determined by applying Beer’s Law: A = ε x l x c 

where the absorbance at 386 nm prior to irradiation was 1.60, the pathlength was 1.0 cm, and the 

concentration was 8.30 x 10
-5

 M gave an ε = 19277. Likewise, the concentration of AA-N-Ts 

after irradiation may be determined by Beer’s Law, where the absorbance at 386 nm was 0.451, ε 

was 19277 and the pathlength was 1.0 cm gave a concentration of AA-N-Ts equal to 2.34 x 10
-5

 

M. Calculating the difference in pre- and post-irradiation concentrations of AA-N-Ts (8.30 x 10
-5

 

M - 2.34 x 10
-5

 M) gave a decrease of 5.96 x 10
-5

 M. Converting this to moles of AA-N-Ts 

reacted was calculated by multiplying the change in concentration by the volume (in L). Thus, 

5.96 x 10
-5

 M x 0.0030 L gave 1.79 x 10
-7

 moles AA-N-Ts reacted. Dividing by the irradiation 

time (30 s) gave 5.97 x 10
-9

 moles reacted per s. Quantum yield was then calculated by dividing 

the moles of AA-N-Ts reacted per s by the moles of photons absorbed by AA-N-Ts per s: 

 

Φ = 
_______________________________________________ 

= 0.63 

 

This procedure was repeated three times, giving Φ = 0.60 ± 0.02.   

*CAUTION – the reader attempts the following at their own risk. The device described is 

capable of burning unprotected skin, and direct eye exposure will result in instantaneous and 

3.22 x 10
-7

 moles of Fe
2+

 

1.14 x 30 s x 1 

5.97 x 10
-9

 moles AA-N-Ts reacted per s 

9.42 x 10
-9

 moles photons absorbed per s 
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permanent blindness. Appropriate eye protection is an absolute requirement. The light source for 

the actinometry experiments (a 405 nm GaN diode laser) was assembled on Veroboard according 

to the following schematic: 

 

A dummy load must also be constructed to test the current output of the driver. The 1N4001 

diodes are heat sensitive, and if soldering them in place on Veroboard, it is imperative to protect 

them with a heat sink (large alligator clips work well). The easiest way is to assemble the device 

on a breadboard. The construction of the dummy load is based on the following schematic: 
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The diode used was a PHR-803T (from a Blu-ray player) press-fitted into an AixiZ 

module with a focusable, collimating acrylic lens. Power at the driver was adjusted to an output 

of 50 mA, which is estimated to result in a net output of 20 mW. 

 

[Figures 1.4.7.-1.4.10. Arc lamp photoconversions of AA-N-Ts to AA-Q-Ts with irradiation 

>400 nm in various deaerated solvents at 5.0 x 10
-5

 M] 

  

In each case, AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved in the corresponding solvent to 

10.0 mL in a volumetric flask to give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was 

used to transfer 1.0 mL of the AA-N-Ts solution to an empty 10.0 mL volumetric flask. This 

flask was filled to the mark with solvent to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) 

was placed in a quartz cuvette and the optical spectrum was measured. The sample was then 

irradiated with the 500 W Hg-Xe arc lamp behind an Oriel cut-off filter 59480 (400 nm) and a 

water-filled quartz cylinder (to absorb IR). Subsequent optical spectra were measured at time 

intervals which varied between the solvents tested 
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[Figure 1.6.1. Solar/arc lamp photoconversion of PD-N-Ts to PD-Q-Ts (5.0 x 10
-5

 M in 

benzene)]  

PD-N-Ts (3.7 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the PD-

N-Ts solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured. The cuvette was set in a windowsill, exposing the sample to 

indirect sunlight. Subsequent optical spectra were measured after 30, 60, 90, 120, and 150 s total 

irradiation time. At this point, the reaction appeared to have reached a photostationary state, so 

the sample was irradiated with the 500 W Hg-Xe arc lamp behind an Oriel 59480 cut-off filter 

(400 nm) and water-filled quartz cylinder (to absorb IR). Subsequent optical spectra were 

measured after 60, 120, 180, and 240 s total arc lamp irradiation time. The sample was placed in 

a dark cabinet, and a final optical spectrum was measured after 1.5 h. 

 

[Figure 1.9.1. Optical spectra of AA-N-Ns and AA-N-Ts (5.0 x 10
-5

 M in benzene)]  

AA-N-Ns (2.9 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the AA-

N-Ns solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured and overlaid with a previously measured spectrum of AA-N-

Ts at the same concentration. 
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[Figure 1.9.2. Arc lamp photoconversion of AA-N-Ns with irradiation >455 nm in 

deaerated benzene at 5.0 x 10
-5

 M]  

AA-N-Ns (2.9 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the AA-

N-Ns solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured. The sample was irradiated with the 500 W Hg-Xe arc lamp 

behind an Oriel 51484 cut-off filter (455 nm) and water-filled quartz cylinder (to absorb IR). A 

subsequent optical spectrum was measured after 5 min irradiation time. 

 

Electrochemical and Redox Experiments 

[Figures 1.3.2. and 1.3.3. Cyclic voltammograms of AA-N-Ts and PD-N-Ts - 1.0 mM in 

dichloromethane (0.1 M TBABF4) at 20 mV/s scan rate]  

In each case, TBABF4 (0.823 g, 2.50 mmol) was dissolved in freshly distilled methylene chloride 

to 25.0 mL in a volumetric flask to give a 0.100 M solution. An amount (8.0 mL) of this solution 

was placed in a four-neck electrochemical cell with a magnetic stir bar. A blank CV scan (0.0 to 

1.2 V vs SCE, 20 mV/s) was measured to ensure that no trace impurities existed in the solution 

as prepared. An amount of AA-N-Ts (4.4 mg, 8.0 x 10
-6

 mol) or PD-N-Ts (6.0 mg, 8.0 x 10
-6

 

mol) which would give a 1.0 mM solution was added to and thoroughly dissolved in the 

electrolyte solution. The potential was scanned from 0.0 to 1.2 V vs SCE at a rate of 20 mV/s. 

 

[Figure 1.5.1. AA-Q-Ts (1.0 mM in benzene) to AA-N-Ts by RA catalysis with Orange 

CRET (0.1 mol%) – Aliquots removed and diluted to 5.0 x 10
-5

 M for UV-vis]  
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AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved in benzene (5.0 mL) to give a 1.0 mM solution. 

The solution was placed in a vial and purged with N2 for 5 min. a 150 μL aliquot was removed 

and diluted to 3.0 mL to give a 5.0 x 10
-5

 M solution. The optical spectrum was measured. The 

1.0 mM solution was irradiated with a 500 W Hg-Xe arc lamp with an Oriel 59480 cut-off filter 

(400 nm) and water-filled quartz cylinder (to absorb IR) for 4 min (until the yellow color 

bleached). A 150 μL aliquot was removed, diluted to 3.0 mL and measured by UV-vis. At this 

point, full conversion to AA-Q-Ts had been attained. Orange CRET (0.30 mg, 5.0 x 10
-7

 mol) 

was dissolved to 1.0 mL in methylene chloride to give a 5.0 x 10
-4

 M solution. A 10 μL portion 

of this (0.10 mol%) was added to the 1.0 mM AA-N-Ts solution and the vial was shaken for 

several seconds to ensure thorough mixing. A 150 μL aliquot was removed, diluted to 3.0 mL, 

and measured by UV-vis 30 s after addition of the Orange CRET solution. Partial conversion to 

AA-N-Ts was observed. A 150 μL aliquot was removed, diluted to 3.0 mL and measured by 

UV-vis 15 min after addition of the Orange CRET solution. At this point, full conversion to AA-

N-Ts was observed. 

 

[Figure 1.5.3. AA-Q-Ts to AA-N-Ts (5.0 x 10
-5

 M in benzene) RA catalysis with Orange 

CRET (5.0 mol%)]  

AA-N-Ts (2.7 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the AA-

N-Ts solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured. The cuvette was set in a windowsill, exposing the sample to 

indirect sunlight. Subsequent optical spectra were measured after 30, 60, 90, 120, 150, and 180 s 
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total irradiation time. By this point, full conversion to AA-Q-Ts had been attained. Orange 

CRET (1.51 mg, 2.50 x 10
-6

 mol) was dissolved to 1.0 mL in methylene chloride to give a 1.65 

mM solution. A 3.0 μL portion of this (5.0 mol%) was added to the AA-Q-Ts solution and the 

cuvette was shaken for several seconds to ensure thorough mixing. Subsequent optical spectra 

were measured at 10, 60, and 120 s after addition of the Orange CRET solution. Full conversion 

to AA-N-Ts had been achieved by time 10 s, and no further change was observed at longer 

times. 

 

[Figures 1.5.4. and 1.5.5. Optical spectra of the AA-Q-Ts CV sample before and after four 

scans (diluted x100 in benzene) demonstrating complete conversion to AA-N-Ts]  

TBABF4 (0.823 g, 2.50 mmol) was dissolved in freshly distilled methylene chloride to 25.0 mL 

in a volumetric flask to give a 0.100 M solution. An amount (8.0 mL) of this solution was placed 

in a four-neck electrochemical cell with a magnetic stir bar. A blank CV scan (0.0 to 1.2 V vs 

SCE, 20 mV/s) was measured to ensure that no trace impurities existed in the solution as 

prepared. AA-Q-Ts (4.4 mg, 8.0 x 10
-6

 mol) was added to and thoroughly dissolved in the 

electrolyte solution. Before any potential was applied, a 30 μL aliquot of the AA-Q-Ts sample 

was removed and diluted to 3.0 mL in benzene. The optical spectrum was measured, and 

confirmed the sample to be AA-Q-Ts. Four CV measurements were made; the potential was 

scanned from 0.0 to 1.2 V vs SCE at rates of 20 mV/s, 100 mV/s, 200 mV/s, and again at 20 

mV/s. Over the course of the four scans, a total time of ~10 min elapsed. The CV sample was 

stirred between scans. A 30 μL aliquot was removed immediately after the four CV 

measurements and diluted to 3.0 mL in benzene. The optical spectrum was again measured, and 

showed that the bulk CV sample had fully converted to AA-N-Ts. 
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[Figure 1.6.4. PD-Q-Ts (5.0 x 10
-5

 M in benzene) to PD-N-Ts RA catalysis with Orange 

CRET (0.1 mol%)  

PD-N-Ts (3.7 mg, 5.0 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask to 

give a 5.0 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 1.0 mL of the PD-

N-Ts solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 5.0 x 10
-5

 M solution. The solution (3.0 mL) was placed in a quartz cuvette and 

the optical spectrum was measured. The sample was irradiated with a 500 W Hg-Xe arc lamp 

behind an Oriel 59480 cut-off filter (400 nm) and water-filled quartz cylinder (to absorb IR). A 

subsequent optical spectrum was measured at after 150 s total irradiation time. Orange CRET 

(1.00 mg, 1.65 x 10
-6

 mol) was diluted to 10.0 mL in methylene chloride to give a 0.165 mM 

solution. A 0.90 μL portion of this (0.1 mol%) was added to the PD-Q-Ts solution and the 

cuvette was shaken for several seconds to ensure thorough mixing. Subsequent optical spectra 

were measured at 5 and 30 s after addition of the Orange CRET solution. 

 

[Figures 1.8.1. and 1.8.3. Cyclic voltammograms of 4-BrPh-N-Ts and Ph-N-Ac - 1.0 mM in 

dichloromethane (0.1 M TBABF4) at 20 mV/s scan rate]  

In each case, TBABF4 (0.823 g, 2.50 mmol) was dissolved in freshly distilled methylene chloride 

to 25.0 mL in a volumetric flask to give a 0.100 M solution. An amount (8.0 mL) of this solution 

was placed in a four-neck electrochemical cell with a magnetic stir bar. A blank CV scan (0.0 to 

1.8 V vs SCE, 20 mV/s) was measured to ensure that no trace impurities existed in the solution 

as prepared. An amount of 4-BrPh-N-Ts (3.2 mg, 8.0 x 10
-6

 mol) or Ph-N-Ac (1.7 mg, 8.0 x 10
-6
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mol) which would give a 1.0 mM solution was added to and thoroughly dissolved in the 

electrolyte solution. The potential was scanned from 0.0 to 1.8 V vs SCE at a rate of 20 mV/s. 

 

[Figure 1.8.2. 4-BrPh-Q-Ts (1.2 x 10
-4

 M in benzene) oxidation with Orange CRET (5.0 

mol%)]  

An amount of 4-BrPh-N-Ts (1.20 mg, 2.99 x 10
-6

 mol) was dissolved in benzene to 25.0 mL in a 

volumetric flask to give a 1.20 x 10
-4

 M solution. The solution (3.0 mL) was placed in a quartz 

cuvette and the optical spectrum was measured. The sample was irradiated with a 500 W Hg-Xe 

arc lamp behind a water-filled quartz cylinder (to absorb IR). A subsequent optical spectrum was 

measured after 5 min total irradiation time which indicated complete conversion to 4-BrPh-Q-

Ts. Orange CRET (1.00 mg, 1.65 x 10
-6

 mol) was diluted to 1.0 mL methylene chloride to give a 

1.65 mM solution. A 10.8 μL portion of this (5.0 mol%) was added to the 4-BrPh-Q-Ts solution 

and the cuvette was shaken for several seconds to ensure thorough mixing. Subsequent optical 

spectra were measured at 10 and 60 s after addition of the Orange CRET solution. 

 

[Figure 1.8.4. Ph-Q-Ac (1.3 x 10
-4 

M in benzene) oxidation with Orange CRET (5.0 mol%)] 

Ph-N-Ac (1.38 mg, 6.56 x 10
-6

 mol) was dissolved in benzene to 10.0 mL in a volumetric flask 

to give a 6.56 x 10
-4

 M solution. A 500 μL gas-tight syringe was used to transfer 2.0 mL of the 

Ph-N-Ac solution to an empty 10.0 mL volumetric flask. This flask was filled to the mark with 

benzene to give a 1.31 x 10
-4

 M solution. The solution (3.0 mL) was placed in a quartz cuvette 

and the optical spectrum was measured. The sample was irradiated with a 500 W Hg-Xe arc 

lamp behind a water-filled quartz cylinder (to absorb IR). A subsequent optical spectrum was 

measured after 7 min total irradiation time which indicated complete conversion to Ph-Q-Ac. 
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Orange CRET (1.00 mg, 1.65 x 10
-6

 mol) was diluted to 1.0 mL methylene chloride to give a 

1.65 mM solution. An 11.9 μL portion of this (5.0 mol%) was added to the Ph-Q-Ac solution 

and the cuvette was shaken for several seconds to ensure thorough mixing. Subsequent optical 

spectra were measured at 10 and 60 s after addition of the Orange CRET solution. 

 

Thermal Conversion Experiments 

[Figure 1.5.2. Thermal conversion of AA-Q-Ts to AA-N-Ts (13 mM in benzene) at rt 

monitored by 
1
H-NMR]  

AA-N-Ts (5.5 mg, 1.0 x 10
-5

 mol) was dissolved in 0.75 mL C6D6 in an NMR tube and the 
1
H-

NMR was measured. The tube was connected to a high vacuum manifold using a Cajon 

coupling. The sample was frozen with liquid nitrogen, and then vacuum was applied. When the 

pump reached ultimate vacuum (~0.05 Torr), the vacuum valve was closed at the manifold. The 

liquid nitrogen was then removed and the sample allowed to thaw. This thawing was 

accompanied by a noticeable amount of gas evolution. This completed one freeze-pump-thaw 

cycle, a process which was repeated twice more. By the end of the third and final cycle, no gas 

evolution could be observed, and the sample was determined to be thoroughly degassed. At this 

point, the sample was frozen once more, and vacuum was reapplied. The vacuum was not turned 

off at the manifold this time; the pump was allowed to pull an active vacuum on the frozen 

solution during the flame-sealing process. The sample was sealed by slowly and evenly heating 

the wall of the tube around its circumference using a propane torch until the sides eventually 

collapsed fully inward, being pulled by the applied vacuum. The tube was then heated at the 

sealed juncture and gently pulled until the molten glass separated. The sample was irradiated for 

3 min with a 500 W Hg-Xe arc lamp behind an Oriel 51472 (400 nm) cut-off filter and water-



84 
 

filled quartz cylinder (to absorb IR). A 
1
H-NMR measurement indicated 97 % conversion to AA-

Q-Ts. The sample was stored in a dark cabinet at ~20 °C. Subsequent 
1
H-NMR measurements at 

various time intervals over 312 h were made. 

 

[Figure 1.6.3. Thermal conversion of PD-Q-Ts to PD-N-Ts (13 mM in benzene) at rt 

monitored by 
1
H-NMR]  

PD-N-Ts (7.5 mg, 1.0 x 10
-5

 mol) was dissolved in 0.75 mL C6D6 in an NMR tube and the 
1
H-

NMR was measured. The tube was connected to a high vacuum manifold using a Cajon 

coupling. The sample was frozen with liquid nitrogen, and then vacuum was applied. When the 

pump reached ultimate vacuum (~0.05 Torr), the vacuum valve was closed at the manifold. The 

liquid nitrogen was then removed and the sample allowed to thaw. This thawing was 

accompanied by a noticeable amount of gas evolution. This completed one freeze-pump-thaw 

cycle, a process which was repeated twice more. By the end of the third and final cycle, no gas 

evolution could be observed, and the sample was determined to be thoroughly degassed. At this 

point, the sample was frozen once more, and vacuum was reapplied. The vacuum was not turned 

off at the manifold this time; the pump was allowed to pull an active vacuum on the frozen 

solution during the flame-sealing process. The sample was sealed by slowly and evenly heating 

the wall of the tube around its circumference using a propane torch until the sides eventually 

collapsed fully inward, being pulled by the applied vacuum. The tube was then heated at the 

sealed juncture and gently pulled until the molten glass separated. The sample was irradiated for 

30 min with a 500 W Hg-Xe arc lamp behind an Oriel 51472 (400 nm) cut-off filter and water-

filled quartz cylinder (to absorb IR). A 
1
H-NMR measurement indicated 79 % conversion to PD-
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Q-Ts. The sample was stored in a dark cabinet at ~20 °C. Subsequent 
1
H-NMR measurements at 

various time intervals over 312 h were made. 
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Chapter 2 

Crystal Engineering of Polar m-Phenylenediamine Derivatives 

 

2.1 Introduction 

 Crystal engineering
46-50

 is a subdiscipline of supramolecular chemistry
51-54

 which seeks to 

understand and apply the intramolecular forces which govern the assembly of molecules in the 

solid state. By observing crystal packing behavior related to molecular structure, an effort can be 

made to rationally design solids possessing specifically desired crystalline features. This ability 

to elucidate, discern, and control the molecular packing of the crystal lattice is of great 

importance to the areas of medicinal chemistry
55

 and materials science.
56-58

 

 Designing crystals with polar order presents a great challenge to the crystal engineer.
59

 In 

almost all cases, molecules in the solid state will orient themselves in such a way that their 

dipoles cancel. In the anomalous cases where polar order is observed, there must exist some 

overriding intermolecular force which supersedes this favorable cancellation of dipoles. It was 

our goal therefore, through observation of conformations and molecular geometries of organic 

materials in the solid state, to gain some insight into the requirements for polar order, and to 

apply the knowledge gained toward the rational design of such solids, which have demonstrated 

practical applications as NLO materials,
60,61

 piezoelectrics
62

 and ferroelectrics.
63
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2.2  Introduction to Single Crystal X-ray Diffractometry 

 Single-crystal X-ray diffractometery (XRD) is perhaps the most valuable tool available to 

the crystal engineer. Its use is ubiquitous in the field of crystallography – Indeed without it, the 

crystal engineer would be rendered blind insofar as it pertains to elucidating complex crystal 

structures. The researcher’s observation would be limited to what may be seen with an optical 

microscope: namely, physical characteristics (i.e. crystal morphology). While these are important 

properties with a number of implications, they fall far short of providing the detailed structural 

information which XRD can establish. 

 The essential principle by which XRD operates hinges on the ability of electrons to 

diffract radiation emitted from an X-ray source. All materials absorb X-rays and scatter (diffract) 

the incident radiation.
64 

As, Ladd and Palmer point out however, the interaction of X-rays with 

crystalline materials is complex, consisting of two parts. First is a geometrical component which 

is symmetry-dependent and related to the spatial arrangement of atoms within the unit cell. 

Secondly, a structural component exists that pertains to the types of atoms in the unit cell as well 

as their relative positions. 

 By combining these two components a specific equation for the crystal structure factor 

can be derived. The equation is deduced in a manner descriptive of the precise coordinates of 

atoms within the unit cell expressed in terms of Miller indices, which relate the three dimensions 

of the unit cell in terms of three numbers h, k, and l. A crystal can be categorized in groups 

relating to symmetry operations across these three faces.
65

 This results in the definition of a point 

group. There are thirty-two unique point groups, which when combined with the fourteen 

Bravais lattices give a set of 230 unique space groups. Stout and Jensen note that space groups 

“describe the only ways in which identical objects can be arranged in an infinite lattice”.  
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 In a practical sense,
66

 the experimental method of performing an XRD analysis begins 

with growing high-quality crystals of suitable size (0.1-0.5 mm). Typically, this is done in 

solution, though some compounds crystallize well by sublimation. There are a variety of 

techniques commonly used to grow crystals from solution including: slow cooling of a saturated 

solution, slow evaporation, liquid diffusion, and vapor diffusion. When suitable crystals have 

been grown and a candidate for XRD selected, it should be evaluated using a polarizing 

stereomicroscope. In this procedure, an optically anisotropic crystal (all with the exception of 

cubic) is exposed to plane-polarized light and rotated about the microscope stage. A position will 

be reached where the crystal extinguishes (goes dark), then becomes light again upon further 

rotation. Optimally, the entire crystal will extinguish at once; if there are multiple crystal 

domains present, only a portion will extinguish at a given angle. 

 With a suitable crystal in hand, it is mounted to the goniometer head by means of 

adhering it to a thin glass fiber or nylon loop using grease or the specially-formulated inert oil 

“Paratone-N”. The goniometer head with the affixed crystal is then placed on its mount, and the 

crystal is centered in the X-ray beam. A cone of nitrogen gas may be kept passing over the 

crystal to cool it to a desired temperature. Data is collected as a series of frames that are recorded 

as the crystal is moved about four axes of rotation. 

 The raw data may then be reduced, solved, and refined utilizing a modern X-ray 

crystallography software package such as Bruker SHELXTL.
67

  

 

2.3 Introduction to Differential Scanning Calorimetry 

 Whereas XRD can be considered essential to the study of crystals and their properties, 

differential scanning calorimetry (DSC)
68

 is better thought of as a complimentary technique. 
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When one desires to determine whether a bulk sample of crystalline material is comprised of a 

single crystal form or some mixture of polymorphs, DSC can provide the answer. When used in 

this manner, DSC essentially takes the place of bulk powder XRD, but gives the added benefit of 

providing valuable data including Tm, Tg, as well as specific heats of fusion. 

 DSC measures heat flow as a function of temperature. This is accomplished by 

simultaneously changing the temperature of two DSC “pans” contained within the calorimeter. 

The DSC pan is a metal (usually aluminum) container which is manufactured to very tight 

tolerances in order that the difference in mass between pans is negligible. One pan contains the 

sample material, crimped closed and weighed precisely on a microanalytical balance. The other 

pan is a reference which is likewise crimped closed, but left empty. 

 A common DSC experiment is “heat-cool-heat”, which involves equilibrating the sample 

at a predetermined cool temperature, heating, cooling, and then heating once more, at a constant 

or varied rate. By cycling the sample in such a way, one may determine the initial crystallinity of 

the sample, as any amorphous phase or polymorphic species will manifest as changes in heat 

flow upon reaching Tg or Tm. It may also be determined if the sample decomposes upon melting, 

recrystallizes as a polymorph from the melt, or re-orders into its original crystal form. 

 

2.4 Introduction to Polar Organic Crystals 

 A polar crystal is one in which there exists a net alignment of molecular dipoles. Being a 

vector quantity, the dipoles may align either partially or completely. In the latter case, all dipoles 

are entirely aligned, creating a uniform anisotropy throughout the crystal lattice. Glaser refers to 

this as “perfect polar stacking”.
69

 Figure 2.4.1 contrasts the arrangement of molecular dipoles in 

polar and non-polar crystals. 
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Figure 2.4.1. Molecular dipole orientation in non-polar (red) and polar (blue) crystalline solids 

The above figure depicts a two-dimensional layer of molecules within a crystal lattice. It 

should be pointed out that the net dipole-cancelling configuration of molecular dipoles in a non-

polar solid may be, and often is, more complex than that shown in Figure 2.4.1. For example, in 

some cases the two-dimensional layer may consist of aligned dipoles. However, these layers, 

when assembled into a three-dimensional structure, will alternate direction resulting in net dipole 

cancellation. 

 

2.5 Polar Order Observed in m-Phenylenediamine Derivatives 

 The first polar m-phenylenediamine (mPD) derivative was discovered by former group 

member, J. Richard Duncan while synthesizing a redox-gradient polyarylamine.
70

 He observed 

during the preparation of the synthetic intermediate Cl-mPD, that the product spontaneously 

crystallized and precipitated out of solution. This unusual behavior, not seen in the preparation of 

similar arylamines, prompted him to isolate single crystals of the material and determine the 

crystal structure by XRD. The results were quite intriguing; the space group was non-

centrosymmetric (monoclinic, Cm) and non-enantiomorphic, indicating a polar crystal.  
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Some years after Duncan’s initial result, we chose to revisit this system for an extensive 

study. AM1 was used to calculate the relative energies of various conformations of the molecule 

(Scheme 2.5.1). The AM1 calculations demonstrated only very small relative energy differences 

between conformations, with a slight preference for the “open” form. We would later find this to 

be of great significance to the molecular conformation assumed within the crystal lattice. 

 

 

 

Scheme 2.5.1. AM1-calculated conformational analysis of Cl-mPD 
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We then synthesized a series of mPDs and determine their crystal structures. The 

objective of the synthesis of multiple analogs was to determine whether polar order in the crystal 

lattice was a feature specific to Cl-mPD, or if that order could be preserved when making 

substitutions on the mPD synthon. The most obvious analogs to test this were those derived by 

substituting other atoms from the halogen series in place of the chlorine at the 5-position. This, 

we believed would serve a two-fold purpose. First, was a matter of sterics, owing to the wide 

range in size of the halogen substituents, and second was the degree of electronic perturbation 

from variation in electronegativity. Also, we envisioned that replacing the oxygen atoms with 

sulfur would give similar effects, both steric and electronic. The size of the alkyl groups bound to 

these heavy atoms could be modified as well, providing varying degrees of steric hindrance. 

 

2.6 Synthesis 

 The synthesis of mPDs which were ultimately demonstrated by XRD to preferentially 

crystallize in polar space groups is detailed herein. The parent compound, Cl-mPD and its 5-

fluoro substituted analog were constructed by reacting the appropriate 1,3,5-trihalobenzene with 

p-anisidine under the protocol of Hartwig et al (Scheme 2.6.1). Tri-tert-butylphosphine was the 

preferred ligand for most substrates due to its broad scope of effectiveness, as well as its ability 

to facilitate catalysis at room temperature. In the case of the the 5-bromo analog, however, this 

resulted in over-amination due to the loss of chemoselective control. A solution to this problem 

was found by employing the less active 1,1'-Bis(diphenylphosphino)ferrocene (dppf) ligand for 

use with this substrate. The resulting catalytic system offered a more easily controlled reaction 

which could be modulated to yield the desired mPD by carefully controlling the temperature. 
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Scheme 2.6.1. Synthesis of X-mPD compounds 

Much effort was made to synthesize the 5-iodo analog, without success. Experimentation 

involving a multitude of catalyst and ligand systems, bases, solvents, and careful temperature 

control did not provide an effective method for maintaining chemoselective control. Despite our 

failure to arrive at the desired product, an improved method for the synthesis of the halide 

starting material, 1,3,5-triiodobenzene was developed during the course of our research (see 

appendix). 

A sulfur analog, Cl-mPD-Sme, was synthesized by reacting 1,3-dibromo-5-

chlorobenzene with 4-(methylthio)aniline under Hartwig conditions (Scheme 2.6.2). 
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Scheme 2.6.2. Synthesis of Cl-mPD-SMe 

 

2.7 Dipole Calculations 

 Molecular dipole calculations for both the energy-minimized conformations and the 

crystal conformations were calculated by AM1. To test the accuracy of our calculations, we 

performed a series of benchmark measurements on a group of small molecules with well-known 

experimental dipoles (Table 2.7.1). We chose for our benchmark tests molecules which are 

subunits of the mPD analogs. This was done in order to obtain a more relevant set of benchmark 

numbers for comparison to the mPD structures. 

Table 2.7.1. AM1 benchmark dipole calculations 

Compound AM1 (Debyes)  EXP. (Debyes) 

Anisole 1.25 1.24 

Aniline 1.54 1.54 

p-Anisidine 1.90 1.82 

Fluorobenzene 1.57 1.50 

Chlorobenzene 1.31 1.57 

Bromobenzene 1.45 1.54 
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Iodobenzene 1.43 1.43 

m-Phenylenediamine 0.77 1.77 

 

It is evident from the data presented in the above table that our AM1 calculations agree 

reasonably well with the experimental data for subunits of mPD analogs. Only in the mPD 

subunit was a marked departure from the experimental dipole moment observed. 

 Having established the general reliability of our AM1 dipole calculation methods, 

measurements were made on the polar mPD series. Dipole moments calculated for both energy-

minimized (Emin) conformations and crystal geometry (XRD) conformations are presented in 

Figure 2.7.1. 

 

 

 

 

 

Figure 2.7.1. AM1-calculated dipole moments for polar mPD analogs 

A discernable trend can be observed in the calculated dipole moments of polar mPDs. As 

expected, the dipole is greatest for F-mPD, and decreases as the electronegativity of the 5-halo 

substituent decreases. For the sulfur analog, Cl-mPD-SMe, the calculated dipole is significantly 

F-mPD 
 
Emin = 3.22 D 
XRD = 2.55 D 

Cl-mPD 
 
Emin = 2.85 D 
XRD = 2.50 D 

Br-mPD 
 
Emin = 2.43 D 
XRD = 2.45 D 

Cl-mPD-SMe 
 
Emin = 1.85 D 
XRD = 1.60 D 
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lower than that of its oxy analog. This seems counter-intuitive, as one might expect that the 

lower electronegativity of sulfur compared to oxygen would lead to a greater net dipole. 

 There is an obvious discrepancy between the dipole moments calculated from the energy-

minimized conformations and those calculated from the conformations observed in the crystal 

structure. This owes to the fact that the energy-minimized conformation is the “open” form (refer 

to Scheme 2.5.1), whilst in the crystal lattice, the molecule adopts the “closed” geometry. This 

will be seen in the following section detailing the crystal packing behavior of polar mPD 

derivatives. 

 

2.8 X-ray Diffractometry 

 Single-crystal XRD was performed on the aforementioned mPD analogs. The pertinent 

data is summarized below. 

Table 2.8.1. Comparative crystal parameters for polar mPDs 

compound F-mPD Cl-mPD Br-mPD Cl-mPD-SMe 

formula C20H19N2O2F C20H19N2O2Cl C20H19N2O2Br C20H19N2S2Cl 

FW (g/mol) 338.39 354.84 399.28 386.97 

crystallization conditions slow 

evaporation 

from 

nitromethane 

slow 

evaporation 

from 

acetonitrile 

slow 

evaporation 

from 

acetonitrile 

slow 

evaporation 

from ethyl 

acetate 

crystal dimensions (mm) 0.64x0.26x0.16 0.60x0.60x0.42 0.20x0.11x0.10 0.34x0.28x0.10 

crystal system monoclinic monoclinic monoclinic monoclinic 

space group Cm Cm Cm Cc 
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a (Å) 7.5150(10) 7.4663(8) 7.4852(6) 18.5316(3) 

b (Å) 17.187(2) 17.0964(18) 17.0964(18) 7.1762(11) 

c (Å) 6.7768(9) 7.0281(7) 7.1322(6) 14.2150(2) 

 90 90 90 90 

 113.736(2) 112.206(2) 111.4910(10) 92.166(3) 

 90 90 90 90 

volume (Å
3
) 801.27(19) 830.58(15) 847.69(12) 1889.1(5) 

Z 2 2 2 4 

Dcalc (g/cm
3
) 1.402 1.419 1.564 1.361 

F0,0,0 356 372 408 808 

-1
) 0.099 0.247 2.441 0.428 

diffractometer Siemens 

SMART 

Siemens 

SMART 

Siemens 

SMART 

Siemens 

SMART 

wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

temp (K) 173 173 173 173 

 range (deg) 3.19-28.18 3.13-28.31 2.39-28.33 2.20-28.35 

limiting indices 

 

 

-9≤h≤7 

-22≤k≤22 

-7≤l≤8 

-9≤h≤8 

-19≤k≤22 

-8≤l≤9 

-9≤h≤7 

-22≤k≤22 

-8≤l≤9 

24≤h≤23 

-9≤k≤9 

-18≤l≤15 

reflections total 2747 3316 2878 6167 

reflections unique 976 

(Rint=0.0130) 

1659 

(Rint=0.0124) 

1394 

(Rint=0.0184) 

3707 

(Rint=0.0222) 

decay correction none none none none 
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absorption correction none none none none 

data/restraints/parameters 976/2/120 1659/2/119 1394/2/148 3707/2/229 

secondary extinction coef 0.039(5) 0.010(2) 0.015(7) 0.0002(3) 

GOF on F
2
 1.086 1.072 1.071 1.130 

R1  0.0270 0.0238 0.0187 0.0448 

wR2  0.0835 0.0657 0.0451 0.1037 

R1 [all data] 0.0271 0.0243 0.0190 0.0542 

wR2 [all data] 0.0835 0.0661 0.0452 0.1072 

∆ Å
3
) 0.223, -0.157 0.211, -0.168 0.395, -0.256 0.226, -0.260 

______________________________________________________________________________ 

All analogs of this series are monoclinic crystal systems. Three of the four compounds 

are of the non-centrosymmetric Cm space group, with Cl-mPD-SMe belonging to the similar Cc 

space group. The quality of the crystals analyzed by XRD was quite high, as indicated by the low 

R-values. R1 across all data points was well under 3.0 % for all crystals except for Cl-mPD-

SMe, which nevertheless demonstrated a respectable value of 5.4 %. Goodness-of-fit (an 

indicator as to the extent of agreement between the collected data and the solved structure) was 

close to the optimal value of unity in each case.  

  Non-centrosymmetric mPDs are comprised of dipolar layers of two-dimensional, 

hydrogen-bonded arrays (Figure 2.8.1). The N-H---O hydrogen bonds are shown above (black 

dashed lines) along with Cl---MeO close contacts (green dashed lines). It can be seen that each 

molecule orders itself within the two dimensional plane in the (slightly) higher relative energy 

“closed” conformation, where it can act as both an H-bond donor and acceptor to the adjacent 

molecules. This conformation also allows results in a close contact between the chlorine atom 
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and the methoxy-group carbons of the neighboring molecule. It is unclear however, whether this 

halogen interaction is favorable or if the close contact is forced by the H-bonding geometries. In 

either case, it seems evident that the Chlorine atom serves as “space filler”, occupying the void 

between the tri-substituted phenyl ring and the methoxy groups created by the closed 

conformation. Figure 2.8.1 also lists the N-H---O and Cl---MeO close contact distances relative 

to the (Bondi) van der Waals radii.
71

 

 

Figure 2.8.1. Two-dimensional plane of the Cl-mPD lattice depicting close contacts 

  Three-dimensional stacking consists of nested layers (Figure 2.8.2) whereby molecular 

dipoles are aligned and staggered. It is postulated that this stacking arrangement is preferred due 

to C-H---pi herringbone interactions. The herringbone interactions lend greater attractive force 

between molecules, and hence added stability to the crystal lattice. Though the staggered 
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arrangement between layers is not readily apparent in Figure 2.8.2, when a section of two layers 

is viewed with each layer represented by a contrasting color scheme (Figure 2.8.3), the 

orientation of the layers  

 

Figure 2.8.2. Two-dimensional layer and nested layers of Cl-mPD 

  Though the staggered arrangement between layers is not readily apparent when viewed 

through the long axis of the lattice as depicted in Figure 2.8.2, when a section of two layers is 

viewed, with each layer represented by a contrasting color scheme (Figure 2.8.3), the orientation 

of the layers can easily be seen. If the layers are superimposed atop one another in a manner in 
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which the dipoles cancel, it can be envisioned that this favorable interaction is lost. Therefore, 

ordering in which layers stack anti-parallel are not observed. 

 

Figure 2.8.3. Color-contrasted representation of layer stacking in Cl-mPD 

  It is possible to explain the alignment of dipoles, which is generally an unfavorable 

arrangement, by comparing the spacing of dipoles across two layers of the crystal lattice (Figure 

2.8.4). Between two layers, there are two dipole interactions and spacings to consider. The first is 

a favorable head-to-tail spacing which runs along the dipolar axis of the crystal. Second, there is 

a lateral head-to-head spacing between molecules perpendicular to the dipolar axis. If the relative 

distances between the two interactions are compared, it is evident that the favorable interaction is 
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much closer in space than is the unfavorable interaction. The net result is an increase in stability 

which allows the molecules to orient themselves in a dipolar arrangement with a mitigated 

energy penalty. 

 

 

Figure 2.8.4. Interlayer molecular dipole interactions and relative distances 

Packing diagrams are shown below (Figure 2.8.5-8) for all polar analogs. F-mPD, Cl-

mPD, and Br-mPD are identical crystal systems and space groups (monoclinic, Cm). Cl-mPD-

SMe is of the similar Cc space group. 
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Figure 2.8.5. F-mPD crystal packing diagram 

 

Figure 2.8.6. Cl-mPD crystal packing diagram 
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Figure 2.8.7. Br-mPD crystal packing diagram 

 

Figure 2.8.8. Cl-mPD-SMe crystal packing diagram 
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The fact that F-mPD, Cl-mPD, and Br-mPD maintain identical crystal structures is quite 

remarkable. The sensitivity toward steric and electronic perturbation of these molecules is 

evidently quite low, as large modifications to both are made via substitution of various halogens 

at the 5-position. This series of mPD derivatives strongly resists attempts to influence self-

assembly away from the observed packing motif. Substituting oxygen with sulfur is successful to 

a point, though polar order is maintained, as well as the familiar two-dimensional H-bonded 

arrays. The difference in packing behavior, seen in Scheme 2.8.8., is confined simply to an 

alternation in twisting of the peripheral aryl groups. 

 

2.9 Differential Scanning Calorimetry 

 All compounds were analyzed by DSC to discern the presence of multiple crystal forms 

in the bulk sample. Of particular interest to us was the possibility of non-polar polymorphs, as 

many attempts had been made through various methods of crystallization techniques in an effort 

to produce polymorphic species, but to no avail. This behavior is unusual, as changes in 

crystallization conditions, particularly solvent systems,
72,73

 are generally noted to result, at least 

to some extent, in alterations of the crystal system or space group. As expected,
74

 solvent 

changes did markedly effect crystal morphology. 

Table 2.9.1. DSC data for polar mPDs 

Compound  ΔHfus (kJ/mol) ΔHfus (J/g) Tm (°C) Tg (°C) 

F-mPD 55.94 165.3 160.31 5 

Cl-mPD 54.33 153.1 178.74 none observed 

Br-mPD 50.07 125.4 173.22 15 

Cl-mPD-SMe 59.75, 43.77
a
 154.4, 113.1

a
 148.73, 116.31

a
 7 
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From the data presented in Table 2.9.1, a trend can be discerned in specific heat of fusion, 

with values decreasing as the size of the 5-halo substituent increases. A glass transition is 

observed for all analogs with the exception of Cl-mPD. This result is not surprising given the 

strong propensity for crystallization demonstrated by this compound. The most striking data to us 

however, was the behavior observed in the case of Cl-mPD-SMe, where two crystal forms are 

observed. 

 DSC heat-cool-heat traces are given in Figures 2.9.1-4. In all cases, the sample was 

equilibrated at -70 °C, heated to 200 °C, cooled to -70 °C, and then reheated to 200 °C. The rate 

of temperature change was maintained at 10 °C/min during the cycle. On the DSC traces, 

endotherms are indicated by negative values, while exotherms are positive. 

 

Figure 2.9.1. DSC trace of F-mPD 
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Figure 2.9.2. DSC trace of Cl-mPD 

 

Figure 2.9.3. DSC trace of Br-mPD 
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Figure 2.9.4. DSC trace of Cl-mPD-SMe 

Cl-mPD-SMe exhibits two distinct crystal forms, though not consisting as a mixture. 

During the first heating cycle, a single, sharp Tm at 148.73 °C is observed. After cooling and 

reheating, the Tm shifts substantially to 116.31 °C, with no other endotherm present. This 

indicates the complete conversion to a polymorphic crystalline species. 

 To rule out any possibility that the compound underwent decomposition, the sample was 

removed from the DSC pan and analyzed by 
1
H-NMR (Figure 2.9.5). The 

1
H-NMR spectrum 

indicates that no decomposition occurred, and the endotherm observed during the second heating 

cycle of the DSC experiment was indeed an alternate crystal form. 

 

 



109 
 

 

Figure 2.9.5. Post-DSC 
1
H-NMR of Cl-mPD-SMe 

Efforts were made to produce crystals of the polymorph suitable for XRD analaysis, but 

were unsuccessful. The material present in the pan after the DSC experiment was not crystalline, 

but rather a melt consisted of a single, solid pellet. Various solvents and crystallization 

techniques were employed in attempts to isolate the polymorph, and though changes in crystal 

habit were observed, samples submitted for XRD proved them to be the original crystal form. 
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2.10 Non-polar m-Phenylenediamine Derivatives 

 

 While synthesizing our series of mPD derivatives, we encountered two compounds which 

do not exhibit polar crystalline order. H-mPD and Cl-mPD-OiPr were prepared and their single-

crystal structures analyzed by XRD.  

 

 

 

H-mPD and Cl-mPD-OiPr were found to crystallize as the centrosymmetric space groups, 

P2(1)/n and P2/c, repectively. Moreover, this non-polar ordering in the crystalline solid was, in 

both cases, comprised of dipole-canceling arrangements of the molecules in the “open” 

conformation. 

 

2.11 Synthesis 

 The synthesis of mPD analogs demonstrating preference for self-assembly into non-polar 

crystal space groups is described herein. H-mPD and Cl-mPD-OiPr were prepared in analogous 

manner to other mPD derivatives, utilizing the protocol of Hartwig et al (Scheme 2.11.1). 



111 
 

 

Scheme 2.11.1. Synthesis of non-polar mPD derivatives 

 

2.12 Dipole Calculations 

Molecular dipole moments were calculated for H-mPD and Cl-mPD-OiPr by AM1, 

utilizing the same benchmark references as previously described in section 2.7. Dipole moments 

calculated for both energy-minimized (Emin) conformations and crystal geometry (XRD) 

conformations are presented in Figure 2.12.1. 

 

 

 

 

 

Figure 2.12.1. AM1-calculated dipole moments for non-polar mPD analogs 

H-mPD 

Emin = 1.00 D 
XRD = 1.07 D 

Cl-mPD-OiPr 

Emin = 0.69 D 
XRD = 0.41 D 
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One important note regarding molecular dipoles that has yet to be mentioned is their 

direction. For all polar mPD analogs, the dipole moment is directed toward the 5-halo 

substituent. For H-mPD, the reverse holds true; its dipole moment is directed away from the 5-

position. This is not surprising, as in this case we have substituted a halogen with the relative 

electropositive hydrogen atom. More interesting however, is the fact that Cl-mPD-OiPr, in its 

crystal conformation, also demonstrates this behavior. In fact, the net dipole moment for this 

compound is quite low at only 0.41 D. 

 

2.13 X-ray Diffractometry 

Single-crystal XRD was performed on H-mPD and Cl-mPD-OiPr. The pertinent data is 

summarized below. 

Table 2.13.1. Comparative crystal parameters for non-polar mPDs 

compound H-mPD Cl-mPD-OiPr 

formula C20H20N2O2 C24H27N2O2Cl 

FW (g/mol) 320.38 410.93 

crystallization conditions slow 

evaporation 

from benzene 

slow 

evaporation 

from hexanes 

crystal dimensions (mm) 0.70x0.50x0.25 0.50x0.20x0.10 

crystal system monoclinic monoclinic 

space group P2(1)/n P2/c 

a (Å) 9.589(4) 12.1426(17) 

b (Å) 6.357(3) 10.8470(15) 
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c (Å) 26.517(11) 8.6118(12) 

 90 90 

 94.446(7) 102.931(2) 

 90 90 

volume (Å
3
) 1611.7(11) 1105.5(3) 

Z 4 2 

Dcalc (g/cm
3
) 1.320 1.234 

F0,0,0 680 436 

-1
) 0.086 0.194 

diffractometer Siemens 

SMART 

Siemens 

SMART 

wavelength (Å) 0.71073 0.71073 

temp (K) 173 298 

 range (deg) 3.02-28.33 3.07-25.00 

limiting indices 

 

 

-12≤h≤11 

-8≤k≤8 

-35≤l≤29 

-14≤h≤14 

-12≤k≤11 

-10≤l≤10 

reflections total 8358 5833 

reflections unique 3561 

(Rint=0.0714) 

1954 

(Rint=0.0228) 

decay correction none none 

absorption correction none none 

data/restraints/parameters 3561/0/298 1954/0/188 
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secondary extinction coef 0.008(2) 0.047(9) 

GOF on F
2
 1.224 0.817 

R1  0.1470 0.0381 

wR2  0.2859 0.1465 

R1 [all data] 0.2147 0.0425 

wR2 [all data] 0.3168 0.1570 

∆ Å
3
) 0.481, -0.390 0.194, -0.308 

___________________________________________________ 

As is the case for polar mPD analogs, both H-mPD and Cl-mPD-OiPr are monoclinic 

crystal systems. However, H-mPD and Cl-mPD-OiPr belong to the centrosymmetric P2(1)/n 

and P2/c space groups, respectively. The XRD data for Cl-mPD-OiPr was refined to give an R-

value of 4.3 %, H-mPD gave an R-value of 21 %. This is quite high, and many attempts were 

made to grow crystals of higher quality. We came to find however, that non-polar mPD analogs 

were extraordinarily reluctant to produce suitable crystals for XRD. Whereas the polar mPD 

analogs generally crystallize readily under a multitude of conditions, non-polar mPD analogs 

required much experimentation to arrive at a very specific set of parameters in order to obtain 

even low-quality crystals. There was also observed a trend in crystal habit distinct for the two 

subsets of mPD derivatives. All of the polar mPDs tended to crystallize as prisms, with all 

dimensions more or less equivalent. The two mPDs which were confirmed to crystallize in 

centrosymmetric space groups, on the other hand, presented as thin plates or fine needles, neither 

of which is conducive to optimal XRD data collection. 

 Crystal packing diagrams (Figures 2.13.1-2.) demonstrate the “open” conformation of the 

molecules within the lattice, as well as inter-layer dipole cancelling. 
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Figure 2.13.1. H-mPD crystal packing diagram 

 

Figure 2.13.2. Cl-mPD-OiPr crystal packing diagram 
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2.14 Polar Order by Rational Design: H-mPD-OMac 

 By observing the conformational trends of polar and non-polar mPD derivatives in the 

crystal lattice, we were able to gain some insight as to the requirements for polar order. It seemed 

apparent that the “closed” conformation facilitates polar self-assembly, while the “open” 

conformation acts as a hindrance. It was thus envisioned that if an otherwise non-polar mPD 

were forced into the “closed” conformation by geometric constraint, the possibility of altering its 

preference for polar order would be feasible (Figure 2.14.1). We hypothesized that if the 

methoxy groups of H-mPD were bound together by a methylene bridge, the structure of the 

resulting macrocycle would be very close to the conformation adopted in the crystal lattice by 

polar mPD derivatives. 

 

 

Figure 2.14.1. Rationale for putative polar ordering of H-mPD-OMac 

   

2.15 Synthesis 

The synthesis of H-mPD-OMac involves the preparation of the symmetrical “linking” unit 

(Scheme 2.15.1). A double SN2 reaction of p-nitrophenol with 1,3-dibromopropane in 

acetonitrile under basic conditions in the presence of a nucleophilic catalyst affords the 

intermediate 11.
75

 Reduction of 11 with tin (II) chloride in acidic ethanol provides the diamine 
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12. Palladium-catalyzed N-arylation of 12 with 1,3-dibromobenzene following the protocol of 

Hartwig et al completes the synthesis. It is important to note that this coupling must be 

performed under very dilute conditions in order to avoid the formation of oligomers/polymers. 

 

 

 

Scheme 2.15.1. Synthesis of H-mPD-OMac 

 

2.16 X-ray Diffractometry 

As hypothesized, H-mPD-OMac crystallizes as a polar space group (monoclinic, Cm). 

Moreover, the molecule adopts the same layered, nested lattice configuration (Figure 2.16.1) 

observed in all other polar mPDs (with the exception of Cl-mPD-SMe). 
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Figure 2.16.1. H-mPD-OMac crystal packing diagram 

 

2.17 Conclusions 

 A series of mPD derivatives was synthesized and their crystal structures elucidated by 

XRD. It was discovered that a high propensity for polar ordering was observed across the series 

with the exception of two cases. By observing the conformation of analogs which crystallized as 

polar space groups and contrasting that with the conformation of the non-polar derivatives, some 

understanding was garnered as to the requirements for polar ordering of mPDs in the solid state. 

 The “closed” conformation invariably resulted in the formation of polar crystalline solids, 

while the “open” conformation yielded non-polar crystals. We were thus able to correctly predict 
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that an otherwise non-polar mPD derivative, when modified to introduce geometric constraint 

and lock it into the “closed” conformation, preferentially self-assembled as a polar crystal. 

 Aside from the putative practical applications of organic polar crystals, the ability to 

rationally engineer solids demonstrating a preference for polar order is substantial. The process 

of developing an understanding of the forces responsible for polar ordering in mPD derivatives 

also introduces the feasibility of designing polar organic crystalline materials which span a much 

broader scope. 

 

2.18 Experimental 

General Methods and Materials.  

Pd(dba)2 was purchased from Acros Organics. 1,3-dibromo-5-chlorobenzene was prepared 

according to literature precedent.
76

 All other reagents were purchased from Aldrich Chemical 

Company. p-Anisidine and m-phenylenediamine were purified by sublimation. Anhydrous 

Toluene and tetrahydrofuran were purchased from Aldrich Chemical Company and used without 

further purification. 
1
H-NMR and 

13
C-NMR spectra were recorded on Bruker AM-500 or AM-

360 instruments with chemical shifts reported relative to the deuterated solvent or TMS. HRMS 

spectra were collected on a VG Autospec high resolution mass spectrometer. Crystal diffraction 

data was gathered on a Siemens CCD SMART diffractometer. DSC measurements were made 

using a TA Instruments Q200 differential scanning calorimeter.  
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Synthesis 

Dibromide 1,3-dibromo-5-chlorobenzene (2.000 g, 7.400 mmol) and p-

anisidine (1.822 g, 14.80 mmol) were placed in a flame-dried, 250 mL round-

bottom flask with magnetic stir bar.  Pd(dba)2 (0.256 g, 0.445 mmol), P(t-Bu)3 

(0.074 g, 0.37 mmol), NaOt-Bu (1.760 g, 18.30 mmol) and anhyd toluene 

(100 mL) were weighed and added in a dry box under a nitrogen atmosphere.  

The reaction mixture was removed from the box and stirred at room 

temperature under an argon atmosphere for 1.75 h.  The crude reaction mixture was dissolved in 

~400 mL tetrahydrofuran and then filtered through a 60 x 20 mm layer of basic alumina (activity 

III).  The filtrate was concentrated in vacuo to a volume of 50 mL to which was added 800 mL 

hexanes to initiate precipitation of the product which was then dried in vacuo to yield Cl-mPD as 

a light tan solid (2.476 g, 94%):  mp 179 °C. 
1
H-NMR (500 MHz, DMSO-d6) δ 7.89 (s, 2H), 

7.02 (d, J = 8.94 Hz, 4H), 6.88 (d, J = 8.94 Hz, 4H), 6.38 (t, J = 1.93 Hz, 1H), 6.20 (d, J = 1.92 

Hz, 2H), 3.71 (s, 6H). 
13

C-NMR (90 MHz, d
6
-DMSO) d 55.1, 97.9, 103.9, 114.4, 121.8, 134.0, 

135.0, 147.5, 154.3.  HRMS: m/z: calc for M
+
 C20H19ClN2O2 = 354.1135, found 354.1150.  

Crystals for XRD analysis were grown by slow evaporation from acetonitrile.   

 

Dibromide 1,3-dibromo-5-fluorobenzene (0.518 g, 2.00 mmol) and p-

anisidine (0.498 g, 4.00 mmol) were placed in a flame-dried, 50 mL round-

bottom flask with magnetic stir bar. Pd(dba)2 (0.023 g, 0.0040 mmol), P(t-

Bu)3 (0.007 g, 0.003 mmol), NaOt-Bu (0.991 g, 10.0 mmol) and anhyd 

toluene (10 mL) were weighed and added in a dry box. The reaction mixture 

was stirred at 45 °C under argon atmosphere for 18 h. The mixture was taken 
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up in ethyl acetate, and then filtered through a 60 x 10 mm layer of basic alumina (activity III). 

The filtrate was concentrated under reduced pressure to give a black, sticky solid. The solid was 

recrystallized from ethanol to yield F-mPD as purple crystals (0.503 g, 74%): mp = 158 °C. 
1
H-

NMR (500 MHz, DMSO-d6 ) δ 7.90 (s, 2H), 7.03 (d, J = 8.96 Hz, 4H), 6.87 (d, J = 8.98 Hz, 4H), 

6.27 (t, J = 1.88 Hz, 1H), 5.97 (dd, J1 = 1.89 Hz, J2 = 11.54 Hz, 2H), 3.71 (s, 6H). Crystals for 

XRD were grown by sublimation, followed by recrystallization from nitromethane. 

 

Tribromide 1,3,5-tribromobenzene (0.321 g, 1.00 mmol) and p-anisidine 

(0.249 g, 2.00 mmol) were placed in a flame-dried, 50 mL round-bottom flask 

with magnetic stir bar. Pd(dba)2 (0.029 g, 0.0050 mmol), dppf (0.028 g, 

0.0050 mmol), NaOt-Bu (0.384 g, 4.00 mmol) and anhyd toluene (10 mL) 

were weighed and added in a drybox. The reaction mixture was stirred at 80 

°C under argon atmosphere for 6 h. The mixture was taken up in 

tetrahydrofuran and washed with 0.02 M aqueous sodium cyanide. The organic phase was 

filtered through a 40 x 20 mm layer of celite on top of a 40 x 20 mm layer of basic alumina 

(activity III). The filtrate was concentrated to an oily residue. The residue was recrystallized 

from ethanol/H2O (10:1) to yield Br-mPD as a tan solid (0.258 g, 65%): mp = 174 °C. 
1
H-NMR 

(500 MHz, DMSO-d6) δ 7.88 (s, 2H), 7.02 (d, J = 8.93 Hz, 4H). 6.88 (d, J = 8.98, 4H), 6.41 (t, J 

= 1.93 Hz), 6.33 (d, J = 1.93 Hz), 3.71 (s, 6H). Cyrstals for XRD analysis were grown by slow 

evaporation from acetonitrile. 
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Dibromide 1,3-dibromo-5-chlorobenzene (1.081 g, 4.00 mmol) and 4-

(methylthio)aniline (1.114 g, 8.00 mmol) were placed in a flame-dried, 50 mL 

round-bottom flask with magnetic stir bar. Pd(dba)2 (0.023 g, 0.0040 mmol), 

P(t-Bu)3 (0.008 g, 0.004 mmol), NaOt-Bu (1.538 g, 16.0 mmol) and anhyd 

toluene (16 mL) were weighed and added in a dry box. The reaction mixture 

was stirred at room temperature under nitrogen atmosphere for 20 h, then 

stirred at reflux for a further 20 h. The mixture was taken up in tetrahydrofuran, and then filtered 

through a 30 x 20 mm layer of basic alumina (activity III). The filtrate was concentrated in vacuo 

to give a brown, sticky solid. Slow evaporation from ethyl acetate afforded Cl-mPD-SMe as 

light purple crystals (0.831 g, 54%): mp = 147-149 °C. 
1
H-NMR (500 MHz, DMSO-d6) δ 8.27 

(s, 2H), 7.23 (d, J = 8.65 Hz, 4H). 7.05 (d, J = 8.65, 4H), 6.61 (t, J = 1.92 Hz), 6.41 (d, J = 1.93 

Hz), 2.43 (s, 6H). Crystals for XRD analysis were grown by slow evaporation in benzene. 

   

m-Phenylenediamine (0.324 g, 3.00mmol) and 4-

bromoanisole (1.122 g, 6.00 mmol) were placed in a 

flame-dried, 50 mL round-bottom flask with magnetic stir 

bar.  Pd(dba)2 (0.086 g, 0.150 mmol), P(t-Bu)3 (0.027 g, 0.120 mmol), NaOt-Bu (0.594 g, 6.00 

mmol), anhyd toluene (10 mL), and anhyd tetrahydrofuran (10 mL) were added in a dry box. The 

reaction mixture was stirred at room temperature under argon atmosphere for 1.5 hr. The mixture 

was taken up in tetrahydrofuran, washed with 0.02 M aqueous sodium cyanide, and then filtered 

through celite and basic alumina (activity III). The filtrate was concentrated in vacuo to yield a 

brown solid. The solid was dissolved in hot nitromethane, allowed to cool, and then placed in a 

freezer overnight. Vacuum filtration afforded H-mPD as pale yellow crystals (0.838 g, 87%): 
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1
H-NMR (360 MHz, DMSO-d6) δ 7.69 (s, 2H), 7.01 (d, J = 9.0, 4H), 6.94 (t, J = 8.0, 1H), 6.84 

(d, J = 9.0, 4H), 6.54 (t, J = 2.1, 1H), 6.30 (dd, J1 = 2.1 Hz, J2 = 8.0 Hz, 2H), 3.70 (s, 6H). 

Crystals for XRD analysis were grown by slow evaporation in benzene. 

 

Dibromide 1,3-dibromo-5-chlorobenzene (0.541 g, 

2.00 mmol) and 4-(isopropoxy)aniline (0.617 g, 4.00 

mmol) were placed in a flame-dried, 50 mL round-

bottomed flask with magnetic stir bar.  Pd(dba)2 

(0.058 g, 0.10 mmol), P(t-Bu)3 (0.018 g, 0.08 mmol), NaOt-Bu (0.769 g, 8.00 mmol) and anhyd 

toluene (20 mL) were added in a dry box. The reaction mixture was stirred at rt under argon 

atmosphere for 23 h. The mixture was taken up in tetrahydrofuran, and then filtered through a 60 

x 20 mm layer of basic alumina (activity III). The filtrate was concentrated in vacuo to yield a 

brown oil. The oil was dissolved in hot hexanes, allowed to cool, and then placed in a freezer 

overnight. Vacuum filtration afforded Cl-mPD-OiPr as a light tan solid (0.419 g, 51%): mp = 

129 °C. 
1
H-NMR (500 MHz, DMSO-d6) δ 7.88 (s, 2H), 7.00 (d, J = 8.91 Hz, 4H), 6.85 (d, J = 

8.91 Hz, 4H), 6.39 (t, J = 1.95 Hz), 6.21 (d, J = 1.91 Hz, 2H), 4.50 (sp, J = 6.04 Hz), 1.24 (d, J = 

6.01 Hz, 12H); 
13

C-NMR (125 MHz, acetone-d6) δ 23.4, 71.7, 100.7, 106.9, 118.5, 124.4, 136.8, 

137.1, 149.9, 155.4. HRMS m/z: calc for M
+
 C24H27ClN2O2 = 410.1761, found 410.1776. 

Crystals for XRD analysis were grown by slow evaporation in hexanes. 
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Commercially available 4-nitrophenol (23.65 g, 0.1700 mol), 1,3-

dibromopropane (12.11 g, 0.06000 mol), potassium iodide (0.60 g, 0.0036 

mol), and potassium carbonate (23.50 g, 0.1700 mol) were dissolved in 

acetonitrile (240 mL) in a 500 mL round-bottom flask with magnetic stir bar. 

The reaction mixture was heated to reflux and stirred under N2 for 22 h. The reaction mixture 

was removed from heat and allowed to cool rt, then poured into 600 mL stirring ice water. Dilute 

(5%) sodium hydroxide solution was added until alkaline. Vacuum filtration afforded a pale 

yellow solid which was washed with water (2 x 120 mL) poured over the filter cake. This 

procedure decolorized the solid. The crude solid (~18.5 g) was dissolved in a minimal amount of 

hot chloroform:hexanes (1:1) (~1000 mL). The solution was placed in a freezer overnight. 

Vacuum filtration yielded 11 as off-white needles (15.19 g, 80 %) 

 

A mixture of 11 (15.08 g, 0.04738 mol), anhyd tin(II) chloride (89.83 g, 

0.04738 mol), conc hydrochloric acid (25 mL), and ethanol (350 mL) in a 

1000 mL round-bottom flask was magnetically stirred at reflux under N2 for 

24 h. Threaction mixture was removed from heat and allowed to cool to rt. 

The solvent was removed in vacuo to leave a yellow viscous liquid which was carefully poured 

into 1000 mL stirring ice water. The mixture was basisified to pH 12 with 15% sodium 

hydroxide solution. The aqueous phase was extracted with ethyl acetate (3 x 400 mL) and the 

pooled organics were dried over anhyd sodium sulfate, and then evaporated in vacuo to give 

11.80 g of light pink solid. Recrystallization from ethanol:water 1:1 gave 12 as beige crystals 

(9.59 g, 78%) 
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Diamine 12 (0.302 g, 1.20 mmol) and dibromobenzene (0.280 g, 1.20 mmol) 

were combined in a flame-dried 500 mL three-neck, round-bottom flask with 

magnetic stir bar. The flask was placed in a drybox and anhyd toluene (200 

mL) was added to completely dissolve the starting materials. Pd(dba)2 (0.135 

g, 0.235 mmol), P(t-Bu)3 (0.047 g, 0.23 mmol), and NaOt-Bu (0.450 g, 4.68 

mmol) were added, and the reaction mixture was transferred from the dry box to a reflux 

condenser fitted with an oil bubbler. The reaction mixture was stirred at reflux under N2 for 6 

days. The reaction mixture was then removed from heat, allowed to cool to rt, and then filtered 

through a plug of basic alumina (activity III). The filtrate was concentrated in vacuo to give H-

mPD-OMac as a pale yellow solid (0.240 g, 65 %). Crystals for XRD analysis were grown by 

slow evaporation from toluene at rt. 
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Chapter 3 

Semiconductive Tetra(p-anisyl)-p-phenylenediamine Radical Cation 

and Dication Salts 

 

3.1 Introduction 

  Organic semiconductors have attracted much attention in recent years due to the growing 

interest in organic electronics for applications including field-effect transistors, solar cells, and 

light-emitting diodes.
77-80 

Such devices constructed from organic substrates are appealing due to 

their light weight, flexibility, and low processing costs compared to traditional inorganic 

semiconductors.
81 

 We have synthesized two novel tetra(p-anisyl)-p-phenylenediamine (TAPD) salts, 

TAPD
+·

(PF6) and TAPD
++

(PF6)2, which exhibit semiconductive properties. 
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Although much of the data presented is preliminary, we believe these compounds demonstrate 

promise for use as organic semiconductors. The synthesis, electrochemistry, single-crystal X-ray 

diffractometry, and conductivity of TAPD, TAPD
+·

(PF6), TAPD
++

(PF6)2 and  is described 

herein. 

 

3.2 Synthesis of TAPD and TAPD Salts 

 The preparation of TAPD is straightforward, involving the palladium-catalyzed cross-

coupling of p-phenylenediamine with four equivalents of 4-bromoanisole, following the 

procedure of Hartwig et al. (Scheme 3.2.1). 

 

 

Scheme 3.2.1. Synthesis of TAPD 

The TAPD radical cation and dication were prepared by combining TAPD with the 

appropriate equivalent of nitrosonium hexafluorophosphate (NOPF6) in acetonitrile solution at rt 

while continuously purging with N2 (Scheme 3.2.2). 
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Scheme 3.2.2. Synthesis of TAPD
+·

(PF6) and TAPD
++

(PF6)2 

 

3.3 Cyclic Voltammetry 

 TAPD was analyzed by CV to determine its electrochemical behavior (Figure 3.3.1). The 

cyclic voltammogram of TAPD shows, as expected, two redox couples, which demonstrate that 

the compound can exist in either the radical cation or dication state. 
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Figure 3.3.1. Cyclic voltammogram of TAPD - 1.0 mM in dichloromethane (0.1 M TBABF4) at 

20 mV/s scan rate 

 

 

 

 

 

3.4  Redox Titrations of TAPD 

 

In order to establish a baseline for testing the purity of our isolated TAPD salts, redox 

titration of a known concentration of TAPD was carried out and monitored by UV-vis. Our first 

efforts involved using Orange CRET as the oxidant (Figures 3.4.1 and 3.4.2), however it became 

apparent that less than one equivalent of oxidant was required to effect conversion of TAPD to 

its radical cation species. 

 



130 
 

 

Figure 3.4.1. Redox titration of TAPD (8.56 x 10
-6

 M in acetonitrile) with Orange CRET to 1.0 

equivalent 

 

It is clearly discernible from Figure 3.3.1 that a new species (presumably TAPD dication) 

is present from the appearance of a new peak (λmax = 766 nm). This would of course imply that 

we have over-oxidized TAPD at this point, and upon addition of 1.00 equivalents Orange CRET, 

the solution consists as a mixture of both radical cation and dication. 
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Figure 3.4.2. Redox titration of TAPD (8.56 x 10
-6

 M in acetonitrile) with Orange CRET from 

1.0 to 2.25 equivalents 

 

In Figure 3.4.2, it is seen that the peak at 766 nm does not stop increasing until over 2.25 

equivalents of Orange CRET have been added. This data was difficult to interpret, as we 

obtained over-oxidation from zero to 1.00 equivalents, but under-oxidation from 1.00 to 2.50 

equivalents Orange CRET. 

 Our explanation for this behavior is that the Orange CRET counter-ion, 

hexachloroantimonate, possesses some intrinsic oxidizing power of its own, which is additive to 

that of the Orange CRET radical cation. However, the hexachloroantimonate anion must only be 

a strong enough oxidant to effect the first oxidation, but too weak to effect the second. Further, it 
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must also be the case that our Orange CRET is impure, thus explaining the need for more than 

2.00 equivalents to fully oxidize TAPD to the dication species. 

 We thus sought an alternative one-electron oxidant which would possess an 

electrochemically inactive counter-ion for subsequent redox titration experiments. 

 

 

Figure 3.4.3. Redox titration of TAPD (1.03 x 10
-5

 M in acetonitrile) with CAN to 1.0 

equivalent 
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Figure 3.4.4. Redox titration of TAPD (1.03 x 10
-5

 M in acetonitrile) with CAN from 1.0 to 2.25 

equivalents 

 

 

 

3.5 Solvent Stability Testing of TAPD Salts 

 

 Although solid TAPD salts are stable indefinitely at low temperature (-20 °C), in 

solution, they tend to be unstable. Since we desired to grow high-quality crystals for XRD 

analysis, it was of great importance to us to find solvent conditions which would allow the 

TAPD salts to remain sufficiently stable for recrystallization. 

 Acetonitrile was chosen as our first candidate for stability testing, as our initial 

recrystallization attempts found it promising. TAPD
+·

(PF6) was found to have sufficient stability 

in HPLC-grade acetonitrile, as Figure 3.5.1 demonstrates. 
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Figure 3.5.1. Stability of TAPD
+·

(PF6) (1.29 x 10
-5

 M in HPLC-grade acetonitrile) monitored by 

UV-vis 

 

The monocation shows only a minimal amount of decay under these conditions. 

Unfortunately, such was not the case with dication. TAPD
++

(PF6)2 showed a much higher degree 

of inherent instability in solution.  Figure 3.5.2 depicts the clear decay of TAPD
++

(PF6)2 in 

HPLC-grade acetonitrile. 
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Figure 3.5.2. Stability of TAPD
++

(PF6)2 (1.07 x 10
-5

 M in HPLC-grade acetonitrile) monitored 

by UV-vis 

 

The data shows a relatively short lifetime for TAPD
++

(PF6)2 in acetonitrile. The dication 

is being reduced to the radical cation by acetonitrile at a rate far too fast to be feasible for use as 

a recrystallization solvent. Any crystals formed would likely be a mixture of the two species. 

 The cause of this reduction was unclear. We thought perhaps that trace water present in 

the solvent may be at least partially responsible for this instability. Thus, we added 2.5 v/v% 

trifluoroacetic anhydride to the acetonitrile and again monitored the stability of TAPD
++

(PF6)2 

by UV-vis (Figure 3.5.3). 
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Figure 3.5.3. Stability of TAPD
++

(PF6)2 (1.07 x 10
-5

 M in HPLC-grade acetonitrile) with 2.5 

v/v% TFAA monitored by UV-vis 

 

To our surprise, not only did the addition of TFAA halt the reduction of TAPD
++

(PF6)2 to 

radical cation, it actually increased the concentration of dication from baseline over time, 

eventually reaching an end point between 75 and 105 minutes. By a mechanism unknown to us, 

TFAA (or TFA) acts as a strong enough oxidant to generate the dication species. Acetonitrile 

with TFAA (2.5 v/v%) was used for the recrystallization of TAPD
++

(PF6)2. 
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3.6 Conductance Measurements 

 The conductive properties of TAPD
+·

(PF6) and TAPD
++

(PF6)2 in the solid state were 

measured. The single-scan, powder pellet, I-V curve of TAPD
+·

(PF6) is shown in Figure 3.6.1. 

At 1.0 volt applied potential, the current reaches a maximum of 2.25 x 10
-7

 A. This number is 

borderline for being considered semiconductive. The step-potentials, both positive and negative, 

show the same behavior (Figures 3.6.2 and 3.6.3). 

 

 

Figure 3.6.1. Powder pellet I-V curve of TAPD
+·

(PF6) – 12.0 mg, 20 mV/s 
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Figure 3.6.2. Powder pellet step-potential of TAPD
+·

(PF6) – 12.0 mg, -1.0 V, 360 s 
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Figure 3.6.3. Powder pellet step-potential of TAPD
+·

(PF6) – 12.0 mg, +1.0 V, 360 s 
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The single-scan, powder pellet I-V curve of TAPD
++

(PF6)2 is shown in Figure 3.6.4. As 

opposed to TAPD
+·

(PF6), which showed a linear I-V curve, TAPD
++

(PF6)2 demonstrates a 

substantial degree of hysteresis. It is unlear to us at this time what this behavior implies. It may 

be that there is some mobility of ions during the timescale of the experiment, which would 

indicate that TAPD
++

(PF6)2 is a non-ohmic material. This non-linear behavior is likewise 

observed in the step-potential experiments (Figures 3.6.5 and 3.6.6). 

 

 

Figure 3.6.4. Powder pellet I-V curve of TAPD
++

(PF6)2 – 17.3 mg, 20 mV/s 
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Figure 3.6.5. Powder pellet step-potential of TAPD
++

(PF6)2 – 17.3 mg, -1.0 V, 360 s 
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Figure 3.6.6. Powder pellet step-potential of TAPD
++

(PF6)2 – 17.3 mg, +1.0 V, 360 s 

To test this further, we subjected the TAPD
++

(PF6)2 sample to a high number of I-V 

scans to look for an increase in current and/or hysteresis over an extended period of cycled 

potential. The multi-scan I-V curve of TAPD
++

(PF6)2 is shown in Figure 3.6.7. The results show 

that both the current and the degree of hysteresis increased substantially during the course of the 

experiment. Seeking to test the limits of this behavior, the number of scans was doubled to 256 

(Figure 3.6.8). 
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Figure 3.6.7. Powder pellet I-V curve of TAPD
++

(PF6)2 – 17.3 mg, 200 mV/s, 128 scans 
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Figure 3.6.8. Powder pellet I-V curve of TAPD
++

(PF6)2 – 17.3 mg, 200 mV/s, 256 scans 

 

3.7 Conclusions 

 We have examined various properties of two novel organic semiconductive materials, 

TAPD
+·

(PF6) and TAPD
++

(PF6)2. As mentioned previously, this data is preliminary, and more 

work is needed to determine the full capabilities of TAPD
+·

(PF6) and TAPD
++

(PF6)2. For now, it 

can only be said that the results are intriguing, and warrant further research. 
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3.8 Experimental 

General Methods and Materials. 

All reagents were purchased from Aldrich Chemical Company. p-phenylenediamine was purified 

by sublimation. HPLC-grade acetonitrile was purchased from Aldrich Chemical Company and 

used without further purification. 
1
H-NMR spectra were recorded on Bruker AM-500 or AM-360 

instruments with chemical shifts reported relative to the deuterated solvent or TMS. Solution CV 

was performed on a PAR 273 electrochemical potentiostat (EG&G Instruments).  

Tetrabutylammonium tetrafluoroborate (TBABF4), a supporting electrolyte, was purchased from 

TCI America and was purified according to standard literature procedures,
41 

or recrystallized 

from 30 % ethanol three times, then dried in a vacuum oven (100 °C, 0.1 Torr). UV-vis spectra 

were collected on a Hewlett Packard 8452A diode array spectrophotometer. Methylene chloride, 

a CV solvent (Fisher) was pre-dried by stirring over H2SO4, washed & neutralized, and finally 

distilled from CaH2 under nitrogen atmosphere according to standard literature procedures.
41 

Solid-state CV and step-potentials were performed on a custom apparatus of Dr. Thomas Vaid’s 

design, powered by a 263A electrochemical potentiostat/galvanostat (EG&G Instruments). 

Crystal diffraction data was gathered on a Siemens CCD SMART diffractometer. 
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Synthesis 

 

p-Phenylenediamine (3.00 g, 27.8 mmol) and 4-bromoanisole 

(20.80 g, 111.2 mmol) were placed in a flame-dried 500 mL 

round-bottom flask with magnetic stir bar inside a dry box. The 

reagents were dissolved in anhyd toluene (200 mL), and 

Pd(dba)2 (0.128 g, 0.222 mmol), P(t-Bu)3 (0.045 g, 0.22 mmol), 

and NaOt-Bu (16.03 g, 1668 mmol) were added. The reaction mixture was removed from the 

drybox and stirred under N2 on a 60 °C oil bath for 20 h. The reaction mixture was taken up in 

ethyl acetate (~200 mL) and filtered through a 60 x 20 mm plug of basic alumina (activity III) 

under a 60 x 10 mm plug of celite. The filtrate was concentrated in vacuo to give a brown sticky 

solid. Recrystallization from ether gave pale yellow crystals (11.84 g, 80 %): mp = 155-158 °C, 

lit
32

 =160 °C. 
1
H-NMR (500 MHz, CDCl3) δ 7.30-6.55 (br m, 20 H), 3.79 (s, 12H). 

 

TAPD (0.532 g, 1.00 mmol) was stirred in HPLC-

grade acetonitrile (100 mL) with N2 purge. NOPF6 

(0.175 g, 1.00 mmol) was added in small portions 

over a period of 10 min. The reaction flask was 

transferred directly to a rotary evaporator and the 

solvent was removed in vacuo. Collected a dark 

blue-black crystalline solid (0.623 g, 92 %): λmax (acetonitrile) = 414 nm (ε = 10100). 
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TAPD (0.532 g, 1.00 mmol) was stirred in HPLC-

grade acetonitrile (100 mL) with N2 purge. NOPF6 

(0.350 g, 2.00 mmol) was added in small portions over 

a period of 10 min. The reaction flask was transferred 

directly to a rotary evaporator and the solvent was 

removed in vacuo. Collected a copper-colored 

crystalline solid (0.750 g, 85 %): λmax (acetonitrile) = 766 nm (ε = 72500). 
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      Single-crystal X-Ray data for PD-N-Ts  

 

 

 

 

 

 

Figure B1.  ORTEP (50 % ellipsoids) diagram of PD-N-Ts generated with SHELXTL software. 
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Table 1.  Crystal data and structure refinement for PD-N-Ts.  

   

      Identification code                 PD-N-Ts  

   

      Empirical formula                   C47 H42 N2 O5 S  

   

      Formula weight                      746.89  

   

      Temperature                         173(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Triclinic,  P-1  

   

      Unit cell dimensions                a = 10.9170(12) A   alpha = 71.565(2) deg.  

                                           b = 13.9925(15) A    beta = 72.039(2) deg.  

                                           c = 14.1241(16) A   gamma = 72.829(2) deg.  

   

      Volume                               1899.8(4) A^3  

   

      Z, Calculated density               2, 1.306 Mg/m^3  

   

      Absorption coefficient              0.137 mm^-1  

   

      F(000)                               788  

   

      Crystal size                         0.18 x 0.09 x 0.05 mm  

   

      Theta range for data collection     1.92 to 23.29 deg.  

   

      Limiting indices                    -9<=h<=12, -15<=k<=15, -15<=l<=15  

   

      Reflections collected / unique      8821 / 5432 [R(int) = 0.0171]  

   

      Completeness to theta = 23.29       98.9 %  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      5432 / 0 / 497  

   

      Goodness-of-fit on F^2              1.017  

   

      Final R indices [I>2sigma(I)]       R1 = 0.0507, wR2 = 0.1342  
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      R indices (all data)                R1 = 0.0593, wR2 = 0.1415  

   

      Extinction coefficient              0.0020(10)  

   

      Largest diff. peak and hole         0.800 and -0.497 e.A^-3  

 

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for PD-N-Ts.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          S(1)          3800(1)        2748(1)         343(1)        53(1)  

          N(2)          2266(2)        4768(2)       -4458(2)        37(1)  

          N(1)         -1171(2)        8569(2)       -5723(2)        45(1)  

          O(5)          6480(2)        3079(2)       -7325(2)        55(1)  

          O(4)          4552(2)        2811(2)        -694(2)        62(1)  

          C(47)          675(2)        4020(2)       -1691(2)        36(1)  

          O(3)         -3798(2)       11103(2)       -3021(2)        65(1)  

          C(46)         2056(2)        4255(2)       -3415(2)        33(1)  

          O(2)         -2094(2)        9869(2)       -9654(2)        69(1)  

          C(45)         5420(2)        3447(2)       -6612(2)        40(1)  

          C(44)         3318(2)        4323(2)       -5201(2)        33(1)  

          C(43)          884(2)        5925(2)       -5616(2)        35(1)  

          C(42)         2859(2)        2995(2)       -1991(2)        38(1)  

          C(41)         3042(2)        3469(2)       -3026(2)        36(1)  

          O(1)          4345(2)        1984(2)        1152(2)        68(1)  

          C(40)          849(2)        4501(2)       -2720(2)        36(1)  

          C(39)         4246(3)        4881(2)       -5864(2)        39(1)  

          C(38)         3454(2)        3334(2)       -5267(2)        39(1)  

          C(37)         -284(2)        7638(2)       -5428(2)        37(1)  

          C(36)         1467(3)        2845(2)        -180(2)        40(1)  

          C(35)          291(2)        7464(2)       -4617(2)        39(1)  

          C(34)         -408(3)        8966(2)       -7605(2)        49(1)  

          C(33)         1445(2)        5748(2)       -4802(2)        35(1)  

          C(32)           50(2)        6851(2)       -5934(2)        36(1)  

          C(31)         4503(2)        2886(2)       -5953(2)        40(1)  

          C(30)        -3143(3)       10526(2)       -3732(2)        47(1)  

          C(29)         5278(3)        4447(2)       -6566(2)        42(1)  
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          C(28)        -1831(3)        9230(2)       -5043(2)        40(1)  

          C(27)           86(3)        2703(2)         495(2)        45(1)  

          C(26)        -1430(3)        8903(2)       -6725(2)        39(1)  

          C(25)         1685(2)        3279(2)       -1286(2)        35(1)  

          C(24)        -2715(3)        9179(2)       -6838(2)        44(1)  

          C(23)        -1759(3)       10250(2)       -5344(2)        49(1)  

          C(22)         1157(2)        6539(2)       -4319(2)        38(1)  

          C(21)         3478(2)        3962(2)         601(2)        48(1)  

          C(20)        -2979(3)        9513(2)       -7802(2)        47(1)  

          C(19)        -1953(3)        9560(2)       -8666(2)        48(1)  

          C(18)         6582(3)        2084(2)       -7444(2)        55(1)  

          C(17)         -664(3)        9283(2)       -8563(2)        54(1)  

          C(16)        -2590(3)        8869(2)       -4075(2)        45(1)  

          C(15)        -2419(3)       10905(2)       -4698(2)        52(1)  

          C(14)         3250(3)        4018(3)        1602(2)        59(1)  

          C(13)        -3243(3)        9513(2)       -3429(2)        49(1)  

          C(12)         3442(3)        4857(3)        -188(2)        53(1)  

          C(11)         2235(3)        2565(2)         490(2)        52(1)  

          C(10)         -317(3)        3440(3)        1155(3)        69(1)  

          C(9)          2876(3)        5869(3)        1052(3)        68(1)  

          C(8)          1365(3)        2271(3)        1578(2)        62(1)  

          C(7)          3145(3)        5802(3)          36(3)        62(1)  

          C(6)          2955(3)        4951(4)        1814(3)        68(1)  

          C(5)         -3521(3)       12081(3)       -3234(3)        72(1)  

          C(4)         -3384(4)       10055(3)       -9810(3)        78(1)  

          C(3)           500(4)        1668(2)        1313(3)        88(1)  

          C(2)          2483(4)        6915(4)        1276(4)        99(2)  

          C(1)           404(4)        3190(3)        1736(3)        83(1)  

         ________________________________________________________________  

  

 

           Table 3.  Bond lengths [A] and angles [deg] for PD-N-Ts.  

           _____________________________________________________________  

   

            S(1)-O(4)                      1.431(2)  

            S(1)-O(1)                      1.440(2)  

            S(1)-C(11)                     1.742(3)  

            S(1)-C(21)                     1.762(3)  

            N(2)-C(46)                     1.400(3)  

            N(2)-C(33)                     1.429(3)  

            N(2)-C(44)                     1.434(3)  

            N(1)-C(37)                     1.403(3)  

            N(1)-C(26)                     1.433(3)  

            N(1)-C(28)                     1.428(3)  
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            O(5)-C(45)                     1.371(3)  

            O(5)-C(18)                     1.422(3)  

            C(47)-C(40)                    1.374(3)  

            C(47)-C(25)                    1.398(4)  

            O(3)-C(30)                     1.379(3)  

            O(3)-C(5)                      1.408(4)  

            C(46)-C(41)                    1.398(3)  

            C(46)-C(40)                    1.402(3)  

            O(2)-C(19)                     1.366(3)  

            O(2)-C(4)                      1.427(4)  

            C(45)-C(29)                    1.381(4)  

            C(45)-C(31)                    1.382(4)  

            C(44)-C(38)                    1.377(4)  

            C(44)-C(39)                    1.391(4)  

            C(43)-C(32)                    1.377(3)  

            C(43)-C(33)                    1.387(4)  

            C(42)-C(41)                    1.380(4)  

            C(42)-C(25)                    1.398(4)  

            C(39)-C(29)                    1.381(4)  

            C(38)-C(31)                    1.386(3)  

            C(37)-C(35)                    1.394(4)  

            C(37)-C(32)                    1.400(3)  

            C(36)-C(11)                    1.346(4)  

            C(36)-C(25)                    1.457(4)  

            C(36)-C(27)                    1.547(4)  

            C(35)-C(22)                    1.388(4)  

            C(34)-C(17)                    1.374(4)  

            C(34)-C(26)                    1.389(4)  

            C(33)-C(22)                    1.389(3)  

            C(30)-C(13)                    1.373(4)  

            C(30)-C(15)                    1.376(4)  

            C(28)-C(23)                    1.373(4)  

            C(28)-C(16)                    1.387(4)  

            C(27)-C(10)                    1.488(4)  

            C(27)-C(3)                     1.585(5)  

            C(26)-C(24)                    1.385(4)  

            C(24)-C(20)                    1.384(4)  

            C(23)-C(15)                    1.386(4)  

            C(21)-C(14)                    1.381(4)  

            C(21)-C(12)                    1.388(4)  

            C(20)-C(19)                    1.378(4)  

            C(19)-C(17)                    1.386(4)  

            C(16)-C(13)                    1.375(4)  

            C(14)-C(6)                     1.354(5)  

            C(12)-C(7)                     1.381(5)  

            C(11)-C(8)                     1.537(4)  
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            C(10)-C(1)                     1.213(5)  

            C(9)-C(6)                      1.390(5)  

            C(9)-C(7)                      1.400(5)  

            C(9)-C(2)                      1.506(5)  

            C(8)-C(1)                      1.430(5)  

            C(8)-C(3)                      1.623(5)  

   

            O(4)-S(1)-O(1)               118.25(14)  

            O(4)-S(1)-C(11)              110.88(13)  

            O(1)-S(1)-C(11)              107.13(14)  

            O(4)-S(1)-C(21)              108.41(14)  

            O(1)-S(1)-C(21)              107.57(14)  

            C(11)-S(1)-C(21)             103.58(14)  

            C(46)-N(2)-C(33)             120.67(19)  

            C(46)-N(2)-C(44)             120.59(19)  

            C(33)-N(2)-C(44)             118.74(19)  

            C(37)-N(1)-C(26)             121.3(2)  

            C(37)-N(1)-C(28)             121.3(2)  

            C(26)-N(1)-C(28)             117.4(2)  

            C(45)-O(5)-C(18)             117.5(2)  

            C(40)-C(47)-C(25)            122.1(2)  

            C(30)-O(3)-C(5)              117.2(2)  

            C(41)-C(46)-N(2)             121.1(2)  

            C(41)-C(46)-C(40)            117.3(2)  

            N(2)-C(46)-C(40)             121.6(2)  

            C(19)-O(2)-C(4)              118.0(3)  

            O(5)-C(45)-C(29)             116.7(2)  

            O(5)-C(45)-C(31)             124.2(2)  

            C(29)-C(45)-C(31)            119.1(2)  

            C(38)-C(44)-C(39)            118.4(2)  

            C(38)-C(44)-N(2)             121.4(2)  

            C(39)-C(44)-N(2)             120.2(2)  

            C(32)-C(43)-C(33)            121.4(2)  

            C(41)-C(42)-C(25)            121.6(2)  

            C(42)-C(41)-C(46)            121.2(2)  

            C(47)-C(40)-C(46)            120.9(2)  

            C(29)-C(39)-C(44)            120.4(2)  

            C(44)-C(38)-C(31)            121.5(2)  

            C(35)-C(37)-N(1)             121.1(2)  

            C(35)-C(37)-C(32)            117.6(2)  

            N(1)-C(37)-C(32)             121.3(2)  

            C(11)-C(36)-C(25)            133.7(2)  

            C(11)-C(36)-C(27)            104.7(2)  

            C(25)-C(36)-C(27)            121.5(2)  

            C(37)-C(35)-C(22)            121.1(2)  

            C(17)-C(34)-C(26)            120.7(3)  
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            C(43)-C(33)-C(22)            118.1(2)  

            C(43)-C(33)-N(2)             120.5(2)  

            C(22)-C(33)-N(2)             121.4(2)  

            C(43)-C(32)-C(37)            120.9(2)  

            C(45)-C(31)-C(38)            119.8(2)  

            C(13)-C(30)-C(15)            119.7(3)  

            C(13)-C(30)-O(3)             116.1(3)  

            C(15)-C(30)-O(3)             124.2(3)  

            C(39)-C(29)-C(45)            120.8(2)  

            C(23)-C(28)-C(16)            118.2(2)  

            C(23)-C(28)-N(1)             120.7(2)  

            C(16)-C(28)-N(1)             121.1(2)  

            C(10)-C(27)-C(36)            105.2(2)  

            C(10)-C(27)-C(3)              99.0(3)  

            C(36)-C(27)-C(3)              99.7(2)  

            C(24)-C(26)-C(34)            118.5(3)  

            C(24)-C(26)-N(1)             120.4(2)  

            C(34)-C(26)-N(1)             121.1(2)  

            C(42)-C(25)-C(47)            116.7(2)  

            C(42)-C(25)-C(36)            123.9(2)  

            C(47)-C(25)-C(36)            119.5(2)  

            C(20)-C(24)-C(26)            121.0(3)  

            C(28)-C(23)-C(15)            121.2(3)  

            C(33)-C(22)-C(35)            120.8(2)  

            C(14)-C(21)-C(12)            120.1(3)  

            C(14)-C(21)-S(1)             119.3(3)  

            C(12)-C(21)-S(1)             120.6(2)  

            C(19)-C(20)-C(24)            119.9(3)  

            O(2)-C(19)-C(17)             115.4(3)  

            O(2)-C(19)-C(20)             125.0(3)  

            C(17)-C(19)-C(20)            119.6(3)  

            C(19)-C(17)-C(34)            120.3(3)  

            C(13)-C(16)-C(28)            120.9(3)  

            C(30)-C(15)-C(23)            119.7(3)  

            C(6)-C(14)-C(21)             119.8(3)  

            C(30)-C(13)-C(16)            120.3(3)  

            C(7)-C(12)-C(21)             119.6(3)  

            C(36)-C(11)-C(8)             107.8(2)  

            C(36)-C(11)-S(1)             131.3(2)  

            C(8)-C(11)-S(1)              119.2(2)  

            C(1)-C(10)-C(27)             110.2(4)  

            C(6)-C(9)-C(7)               117.6(3)  

            C(6)-C(9)-C(2)               123.0(4)  

            C(7)-C(9)-C(2)               119.4(4)  

            C(1)-C(8)-C(11)              106.1(3)  

            C(1)-C(8)-C(3)               100.7(3)  
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            C(11)-C(8)-C(3)               97.4(2)  

            C(12)-C(7)-C(9)              120.7(3)  

            C(14)-C(6)-C(9)              122.2(3)  

            C(27)-C(3)-C(8)               87.1(2)  

            C(10)-C(1)-C(8)              109.8(4)  

           _____________________________________________________________  

   

           Symmetry transformations used to generate equivalent atoms:  

             

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for PD-N-Ts.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

              U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    S(1)     35(1)      79(1)      43(1)     -10(1)     -13(1)     -13(1)  

    N(2)     38(1)      36(1)      31(1)      -9(1)      -6(1)        1(1)  

    N(1)     51(1)      36(1)      43(1)     -12(1)     -17(1)      5(1)  

    O(5)     39(1)      69(1)      55(1)     -32(1)       7(1)     -12(1)  

    O(4)     38(1)     103(2)      51(1)     -30(1)       0(1)     -24(1)  

    C(47)    29(1)      48(2)      35(1)     -14(1)      -5(1)     -10(1)  

    O(3)     58(1)      61(1)      73(2)     -34(1)       5(1)      -9(1)  

    C(46)    34(1)      34(1)      32(1)     -11(1)      -8(1)      -8(1)  

    O(2)     64(1)      86(2)      48(1)     -14(1)     -23(1)       3(1)  

    C(45)    31(1)      52(2)      38(1)     -17(1)      -6(1)      -6(1)  

    C(44)    32(1)      36(1)      31(1)     -10(1)      -9(1)      -4(1)  

    C(43)    38(1)      33(1)      33(1)     -11(1)      -5(1)      -9(1)  

    C(42)    35(1)      37(1)      40(2)      -8(1)     -11(1)      -5(1)  

    C(41)    31(1)      38(1)      38(2)     -12(1)      -5(1)      -4(1)  

    O(1)     53(1)      82(2)      65(1)      -3(1)      -31(1)      -9(1)  

    C(40)    33(1)      40(1)      36(1)     -12(1)     -11(1)      -4(1)  

    C(39)    43(2)      40(1)      37(1)     -12(1)     -11(1)     -11(1)  

    C(38)    34(1)      41(2)      39(2)     -11(1)      -1(1)      -11(1)  

    C(37)    37(1)      34(1)      39(1)      -7(1)      -7(1)       -8(1)  

    C(36)    36(1)      49(2)      37(2)      -8(1)      -8(1)       -12(1)  

    C(35)    40(1)      36(1)      43(2)     -16(1)      -7(1)      -6(1)  

    C(34)    38(2)      50(2)      50(2)      -1(1)     -12(1)      -8(1)  

    C(33)    33(1)      34(1)      34(1)      -8(1)      -3(1)       -7(1)  

    C(32)    37(1)      38(1)      33(1)      -8(1)      -8(1)       -9(1)  

    C(31)    38(2)      39(1)      43(2)     -15(1)      -7(1)      -6(1)  
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    C(30)    36(2)      48(2)      56(2)     -22(1)      -7(1)      -1(1)  

    C(29)    39(2)      53(2)      37(2)     -12(1)      -2(1)      -20(1)  

    C(28)    38(1)      36(1)      43(2)     -11(1)     -13(1)      -1(1)  

    C(27)    36(1)      64(2)      36(2)     -10(1)      -6(1)      -19(1)  

    C(26)    42(2)      32(1)      41(2)      -8(1)     -11(1)      -3(1)  

    C(25)    35(1)      40(1)      35(1)     -10(1)      -8(1)      -12(1)  

    C(24)    40(2)      43(2)      46(2)     -14(1)      -6(1)      -4(1)  

    C(23)    48(2)      42(2)      49(2)     -11(1)      -3(1)     -10(1)  

    C(22)    35(1)      41(2)      37(1)     -13(1)      -9(1)      -5(1)  

    C(21)    26(1)      84(2)      32(2)      -8(1)      -8(1)       -13(1)  

    C(20)    41(2)      46(2)      55(2)     -18(1)     -17(1)      0(1)  

    C(19)    53(2)      42(2)      44(2)      -9(1)     -16(1)      -1(1)  

    C(18)    43(2)      62(2)      54(2)     -28(2)      -4(1)       3(1)  

    C(17)    46(2)      60(2)      42(2)      -3(1)      -6(1)       -6(1)  

    C(16)    43(2)      37(2)      51(2)      -8(1)     -10(1)      -6(1)  

    C(15)    49(2)      37(2)      64(2)     -16(1)      -3(2)     -12(1)  

    C(14)    39(2)      99(3)      40(2)     -19(2)      -9(1)     -15(2)  

    C(13)    41(2)      46(2)      50(2)     -10(1)      -4(1)      -5(1)  

    C(12)    32(2)      86(2)      39(2)     -11(2)      -7(1)     -14(2)  

    C(11)    40(2)      77(2)      37(2)      -5(1)     -10(1)     -17(1)  

    C(10)    41(2)      97(3)      74(2)     -46(2)       6(2)     -15(2)  

    C(9)     24(2)     105(3)      92(3)     -53(2)      -7(2)     -13(2)  

    C(8)     46(2)     100(3)      34(2)       0(2)     -14(1)     -20(2)  

    C(7)     31(2)      77(2)      73(2)     -16(2)     -10(2)     -12(2)  

    C(6)     37(2)     123(3)      52(2)     -37(2)      -8(2)     -16(2)  

    C(5)     48(2)      73(2)     107(3)     -57(2)      -5(2)      -9(2)  

    C(4)     79(3)      84(3)      71(2)     -21(2)     -45(2)      11(2)  

    C(3)     75(2)      49(2)      91(3)     -18(2)      57(2)      -23(2)  

    C(2)     48(2)     129(4)     147(4)     -82(3)      -9(2)     -21(2)  

    C(1)     74(3)     110(3)      57(2)     -36(2)       7(2)      -17(2)  

    _______________________________________________________________________  

  

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for PD-N-Ts.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          H(47A)        -157            4197          -1240           43  

          H(43A)        1079           5396          -5961           41  

          H(42A)        3548           2462          -1751           46  
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          H(41A)        3853           3258          -3483           44  

          H(40A)         141            5006          -2963           43  

          H(39A)        4171           5566          -5835           46  

          H(38A)        2814           2950          -4831           46  

          H(35A)          87             7987          -4263           47  

          H(34A)         479            8788          -7542           58  

          H(32A)        -303            6956          -6505          44  

          H(31A)        4592           2195          -5971           48  

          H(29A)        5897           4840          -7022           51  

          H(27A)        -574            2711            133            53  

          H(24A)       -3425           9138          -6244          53  

          H(23A)       -1249           10512        -6006          58  

          H(22A)        1557           6445          -3777           45  

          H(20A)       -3865          9709          -7867          56  

          H(18A)        7381          1909          -7969           82  

          H(18B)        5806          2086          -7655           82  

          H(18C)        6630          1571          -6789           82  

          H(17A)          46            9313          -9157           65  

          H(16A)      -2660          8168          -3855          54  

          H(15A)       -2371          11611        -4922          62  

          H(14A)        3299          3405           2140           71  

          H(13A)       -3766          9255          -2770          59  

          H(12A)        3620          4818           -879            64  

          H(10A)       -1035          4023           1124           83  

          H(8A)         1834           1878           2138           74  

          H(7A)         3123           6415           -504            74  

          H(6A)         2798           4978           2506           82  

          H(5A)        -4052           12417         -2680         107  

          H(5B)        -3737           12506         -3886         107  

          H(5C)        -2582           12001         -3285         107  

          H(4B)        -3343           10273         -10548       116  

          H(4C)        -3975           10599         -9482         116  

          H(4D)        -3718           9420           -9508         116  

          H(3A)         1032           1082           1010          105  

          H(3B)         -241            1464           1887          105  

          H(2A)         2325           6832           2017          149  

          H(2B)         1675           7308           1048          149  

          H(2C)         3193           7288           910            149  

          H(1B)          339           3550           2224           99  

         ________________________________________________________________  
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Single-crystal X-Ray data for Cl-mPD 

 

 

 

 

 

Figure B2.  ORTEP (50 % ellipsoids) diagram of Cl-mPD generated with SHELXTL software. 
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Table 1.  Crystal data and structure refinement for Cl-mPD.  

   

   

      Identification code                 Cl-mPD  

   

      Empirical formula                   C20 H19 Cl N2 O2  

   

      Formula weight                      354.82  

   

      Temperature                         173(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic,  Cm  

   

      Unit cell dimensions                a = 7.4663(8) A   alpha = 90 deg.  

                                           b = 17.0964(18) A    beta = 112.206(2) deg.  

                                           c = 7.0281(7) A   gamma = 90 deg.  

   

      Volume                               830.58(15) A^3  

   

      Z, Calculated density               2, 1.419 Mg/m^3  

   

      Absorption coefficient              0.247 mm^-1  

   

      F(000)                               372  

   

      Crystal size                         0.60 x 0.60 x 0.42 mm  

   

      Theta range for data collection     3.13 to 28.31 deg.  

   

      Limiting indices                    -9<=h<=8, -19<=k<=22, -8<=l<=9  

   

      Reflections collected / unique      3316 / 1659 [R(int) = 0.0124]  

   

      Completeness to theta = 25.30       99.6 %  

   

      Absorption correction               None  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      1659 / 2 / 158  

   

      Goodness-of-fit on F^2              1.064  

   

      Final R indices [I>2sigma(I)]       R1 = 0.0231, wR2 = 0.0632  
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      R indices (all data)                R1 = 0.0236, wR2 = 0.0636  

   

      Absolute structure parameter        0.03(4)  

   

      Extinction coefficient              0.009(2)  

   

      Largest diff. peak and hole         0.212 and -0.169 e.A^-3  

  

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for Cl-mPD.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          Cl            8404(1)        5000          17036(1)        32(1)  

          O(1)          -825(2)        6858(1)        2381(1)        28(1)  

          N(1)          3947(2)        6425(1)       10631(2)        24(1)  

          C(1)          6636(3)        5000          14551(3)        21(1)  

          C(2)          6008(2)        5715(1)       13620(2)        20(1)  

          C(3)          4589(2)        5710(1)       11609(2)        19(1)  

          C(4)          3848(3)        5000          10665(2)        20(1)  

          C(5)          2785(2)        6517(1)        8525(2)        20(1)  

          C(6)          3083(2)        6077(1)        6998(2)        20(1)  

          C(7)          1877(2)        6161(1)        4940(2)        22(1)  

          C(8)           421(2)        6719(1)        4377(2)        21(1)  

          C(9)           170(2)        7190(1)        5878(2)        23(1)  

          C(10)         1325(2)        7081(1)        7930(2)        22(1)  

          C(11)        -1004(2)        6245(1)         936(2)        27(1)  

 

 

           Table 3.  Bond lengths [A] and angles [deg] for Cl-mPD.  

           _____________________________________________________________  

   

            Cl-C(1)                         1.7464(18)  

            O(1)-C(8)                      1.3799(14)  

            O(1)-C(11)                     1.4296(17)  
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            N(1)-C(3)                      1.3947(16)  

            N(1)-C(5)                      1.4129(14)  

            N(1)-H(1N)                     0.852(18)  

            C(1)-C(2)#1                    1.3814(15)  

            C(1)-C(2)                      1.3815(15)  

            C(2)-C(3)                      1.4098(16)  

            C(2)-H(2)                      0.951(16)  

            C(3)-C(4)                      1.3943(15)  

            C(4)-C(3)#1                    1.3943(15)  

            C(4)-H(4)                      0.99(3)  

            C(5)-C(6)                      1.3953(18)  

            C(5)-C(10)                     1.3963(18)  

            C(6)-C(7)                      1.3927(17)  

            C(6)-H(6)                      0.950(18)  

            C(7)-C(8)                      1.3864(19)  

            C(7)-H(7)                      0.924(18)  

            C(8)-C(9)                      1.3942(18)  

            C(9)-C(10)                     1.3849(17)  

            C(9)-H(9)                      0.970(18)  

            C(10)-H(10)                    0.968(19)  

            C(11)-H(11C)                   0.949(18)  

            C(11)-H(11B)                   0.983(19)  

            C(11)-H(11A)                   0.93(2)  

   

            C(8)-O(1)-C(11)              116.27(10)  

            C(3)-N(1)-C(5)               125.08(11)  

            C(3)-N(1)-H(1N)              117.7(12)  

            C(5)-N(1)-H(1N)              116.6(12)  

            C(2)#1-C(1)-C(2)             124.32(16)  

            C(2)#1-C(1)-Cl               117.82(8)  

            C(2)-C(1)-Cl                 117.82(8)  

            C(1)-C(2)-C(3)               117.53(12)  

            C(1)-C(2)-H(2)               124.0(9)  

            C(3)-C(2)-H(2)               118.4(9)  

            C(4)-C(3)-N(1)               121.81(11)  

            C(4)-C(3)-C(2)               119.63(11)  

            N(1)-C(3)-C(2)               118.55(11)  

            C(3)-C(4)-C(3)#1             121.14(15)  

            C(3)-C(4)-H(4)               119.42(8)  

            C(3)#1-C(4)-H(4)             119.42(8)  

            C(6)-C(5)-C(10)              118.36(11)  

            C(6)-C(5)-N(1)               122.15(11)  

            C(10)-C(5)-N(1)              119.46(11)  

            C(7)-C(6)-C(5)               120.98(11)  

            C(7)-C(6)-H(6)               118.7(10)  

            C(5)-C(6)-H(6)               120.3(10)  
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            C(8)-C(7)-C(6)               119.79(11)  

            C(8)-C(7)-H(7)               121.4(11)  

            C(6)-C(7)-H(7)               118.8(11)  

            O(1)-C(8)-C(7)               124.25(11)  

            O(1)-C(8)-C(9)               115.98(11)  

            C(7)-C(8)-C(9)               119.76(11)  

            C(10)-C(9)-C(8)              120.09(11)  

            C(10)-C(9)-H(9)              120.7(10)  

            C(8)-C(9)-H(9)               119.2(10)  

            C(9)-C(10)-C(5)              120.87(12)  

            C(9)-C(10)-H(10)             120.6(11)  

            C(5)-C(10)-H(10)             118.4(11)  

            O(1)-C(11)-H(11C)            111.9(10)  

            O(1)-C(11)-H(11B)            107.7(10)  

            H(11C)-C(11)-H(11B)          113.5(15)  

            O(1)-C(11)-H(11A)            106.5(13)  

            H(11C)-C(11)-H(11A)          109.0(15)  

            H(11B)-C(11)-H(11A)          107.9(16)  

           _____________________________________________________________  

   

           Symmetry transformations used to generate equivalent atoms:  

           #1 x,-y+1,z      

     

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for Cl-mPD.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

                U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    Cl         33(1)      35(1)      17(1)       0           -3(1)       0  

    O(1)     33(1)      21(1)      21(1)       1(1)       2(1)        3(1)  

    N(1)     32(1)      15(1)      19(1)      -3(1)       2(1)        1(1)  

    C(1)     18(1)      29(1)      14(1)       0            4(1)        0  

    C(2)     21(1)      21(1)      18(1)      -3(1)       6(1)       -3(1)  

    C(3)     19(1)      19(1)      18(1)       1(1)       7(1)        1(1)  

    C(4)     20(1)      21(1)      16(1)       0            3(1)        0  

    C(5)     22(1)      16(1)      18(1)       1(1)       4(1)       -2(1)  

    C(6)     21(1)      16(1)      23(1)       2(1)       7(1)        2(1)  

    C(7)     27(1)      18(1)      22(1)       0(1)       10(1)      0(1)  
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    C(8)     24(1)      17(1)      21(1)       2(1)       6(1)       -1(1)  

    C(9)     22(1)      18(1)      25(1)       1(1)       5(1)        3(1)  

    C(10)    26(1)     17(1)      24(1)      -3(1)       9(1)        0(1)  

    C(11)    32(1)     26(1)      21(1)      -1(1)       7(1)        1(1)  

    _______________________________________________________________________  

 

 

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for Cl-mPD.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          H(1N)         4130(30)       6831(11)      11380(20)       23(4)  

          H(2)          6430(20)       6205(9)       14270(20)       21(4)  

          H(4)          2750(40)       5000           9310(40)       29(6)  

          H(6)          4120(30)       5712(10)       7350(20)       24(4)  

          H(7)          2100(30)       5854(10)       3970(30)       23(4)  

          H(9)          -810(30)       7597(10)       5460(20)       23(4)  

          H(10)         1080(30)       7372(10)       8990(30)       31(4)  

          H(11C)         150(30)       6178(9)         680(20)       23(4)  

          H(11B)       -1420(30)       5770(12)       1450(20)       31(5)  

          H(11A)       -2000(30)       6391(12)       -280(30)       39(5)  

         ________________________________________________________________  
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 Single-crystal X-Ray data for F-mPD 

 

     

       

 

 

Figure B3.  ORTEP (50 % ellipsoids) diagram of F-mPD generated with SHELXTL software. 
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Table 1.  Crystal data and structure refinement for F-mPD.  

   

   

      Identification code                 F-mPD  

   

      Empirical formula                   C20 H19 F N2 O2  

   

      Formula weight                      338.37  

   

      Temperature                         173(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic, Cm  

   

      Unit cell dimensions                a = 7.5150(10) A   alpha = 90 deg.  

                                           b = 17.187(2) A    beta = 113.736(2) deg.  

                                           c = 6.7768(9) A   gamma = 90 deg.  

   

      Volume                               801.27(19) A^3  

   

      Z, Calculated density               2, 1.402 Mg/m^3  

   

      Absorption coefficient              0.099 mm^-1  

   

      F(000)                               356  

   

      Crystal size                         0.64 x 0.26 x 0.18 mm  

   

      Theta range for data collection     3.19 to 28.18 deg.  

   

      Limiting indices                    -9<=h<=7, -22<=k<=22, -7<=l<=8  

   

      Reflections collected / unique      2747 / 976 [R(int) = 0.0130]  

   

      Completeness to theta = 28.18       95.7 %  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      976 / 2 / 120  

   

      Goodness-of-fit on F^2              1.086  

   

      Final R indices [I>2sigma(I)]       R1 = 0.0270, wR2 = 0.0835  

   

      R indices (all data)                R1 = 0.0271, wR2 = 0.0835  
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      Absolute structure parameter        0(10)  

   

      Extinction coefficient              0.039(5)  

   

      Largest diff. peak and hole         0.223 and -0.157 e.A^-3  

  

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for F-mPD.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          F(1)          4354(2)        5000           8112(2)        39(1)  

          C(11)         2921(3)        5000           6070(3)        25(1)  

          N(1)           106(2)        3587(1)        1994(2)        28(1)  

          O(1)         -4817(2)        3173(1)       -6686(2)        30(1)  

          C(10)           18(3)        5000           2039(3)        22(1)  

          C(9)          -827(2)        3938(1)       -1810(2)        23(1)  

          C(8)         -2062(2)        3858(1)       -3977(2)        23(1)  

          C(7)          2282(3)        4288(1)        5120(2)        24(1)  

          C(6)         -2537(2)        2925(1)        -862(3)        24(1)  

          C(5)           799(2)        4291(1)        3022(2)        21(1)  

          C(4)         -1077(2)        3493(1)        -217(2)        22(1)  

          C(3)         -3735(2)        2825(1)       -3025(3)        25(1)  

          C(2)         -3527(2)        3301(1)       -4583(2)        23(1)  

          C(1)         -5073(3)        3800(1)       -8171(3)        29(1)   

 

 

           Table 3.  Bond lengths [A] and angles [deg] for F-mPD.  

           _____________________________________________________________  

   

            F(1)-C(11)             1.369(2)  

            C(11)-C(7)                     1.3756(19)  

            C(11)-C(7)#1                   1.3756(19)  

            N(1)-C(5)                      1.390(2)  

            N(1)-C(4)                      1.4101(18)  
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            O(1)-C(2)                      1.3810(17)  

            O(1)-C(1)                      1.433(2)  

            C(10)-C(5)                     1.3993(18)  

            C(10)-C(5)#1                   1.3993(18)  

            C(9)-C(8)                      1.393(2)  

            C(9)-C(4)                      1.396(2)  

            C(8)-C(2)                      1.391(2)  

            C(7)-C(5)                      1.4098(19)  

            C(6)-C(3)                      1.388(2)  

            C(6)-C(4)                      1.401(2)  

            C(3)-C(2)                      1.393(2)  

   

             

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for F-mPD.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

               U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    F(1)      41(1)      43(1)      19(1)       0         -5(1)         0  

    C(11)     22(1)      37(1)      14(1)       0          4(1)         0  

    N(1)      38(1)      17(1)      22(1)       4(1)       6(1)        1(1)  

    O(1)      37(1)      22(1)      23(1)      -2(1)       3(1)      -4(1)  

    C(10)     22(1)      21(1)      19(1)       0          6(1)         0  

    C(9)      26(1)      17(1)      26(1)      -2(1)      11(1)      -3(1)  

    C(8)      29(1)      18(1)      23(1)      -1(1)      12(1)      -1(1)  

    C(7)      26(1)      27(1)      19(1)       4(1)       8(1)        4(1)  

    C(6)      28(1)      18(1)      26(1)       4(1)      11(1)       0(1)  

    C(5)      23(1)      22(1)      19(1)       0(1)       9(1)        0(1)  

    C(4)      26(1)      17(1)      21(1)       0(1)       7(1)        1(1)  

    C(3)      25(1)      17(1)      29(1)      -1(1)       8(1)       -3(1)  

    C(2)      26(1)      18(1)      23(1)      -1(1)       8(1)        3(1)  

    C(1)      35(1)      26(1)      23(1)       1(1)       8(1)        0(1)  

    _______________________________________________________________________  

 

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for F-mPD.  
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         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          H(1)           434           3163           2789           33  

          H(10)        -1060           5000            681           26  

          H(9)           209           4303          -1407           27  

          H(8)         -1906           4182          -5032           27  

          H(7)          2817           3816           5844           29  

          H(6)         -2708           2605            191           29  

          H(3)         -4701           2430          -3446           30  

          H(1A)        -5418           4275          -7604           44  

          H(1B)        -6116           3669          -9564           44  

          H(1C)        -3861           3885          -8359           44  

         ________________________________________________________________  
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 Single-crystal X-Ray data for Br-mPD 

 

 

 

 

 

Figure B4.  ORTEP (50 % ellipsoids) diagram of Br-mPD generated with SHELXTL software. 
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Table 1.  Crystal data and structure refinement for Br-mPD.  

   

   

      Identification code                 Br-mPD  

   

      Empirical formula                   C20 H19 Br N2 O2  

   

      Formula weight                      399.28  

   

      Temperature                         173(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic,  Cm  

   

      Unit cell dimensions                a = 7.4852(6) A   alpha = 90 deg.  

                                           b = 17.0650(13) A    beta = 111.4910(10) deg.  

                                           c = 7.1322(6) A   gamma = 90 deg.  

   

      Volume                               847.69(12) A^3  

   

      Z, Calculated density               2,  1.564 Mg/m^3  

   

      Absorption coefficient              2.441 mm^-1  

   

      F(000)                               408  

   

      Crystal size                         0.20 x 0.11 x 0.10 mm  

   

      Theta range for data collection     2.39 to 28.23 deg.  

   

      Limiting indices                   -9<=h<=7, -22<=k<=22, -8<=l<=9  

   

      Reflections collected / unique      2878 / 1394 [R(int) = 0.0183]  

   

      Completeness to theta = 25.30       99.5 %  

   

      Absorption correction               Semi-empirical from equivalents  

   

      Max. and min. transmission          0.783 and 0.592588494  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      1394 / 2 / 148  

   

      Goodness-of-fit on F^2              1.071  
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      Final R indices [I>2sigma(I)]       R1 = 0.0187, wR2 = 0.0451  

   

      R indices (all data)                R1 = 0.0190, wR2 = 0.0452  

   

      Absolute structure parameter        0.015(7)  

   

      Largest diff. peak and hole         0.395 and -0.256 e.A^-3  

  

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for Br-mPD.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          Br(1)         2942(1)        5000           1923(1)        29(1)  

          C(7)          1070(4)        5000           -738(4)        19(1)  

          C(6)         -2377(3)        3918(1)       -8166(5)        19(1)  

          N(1)         -1529(3)        3571(1)       -4603(2)        23(1)  

          C(5)         -3551(3)        3831(1)      -10177(3)        20(1)  

          C(4)          -902(3)        4286(1)       -3624(3)        18(1)  

          C(3)         -2673(3)        3478(1)       -6651(3)        19(1)  

          C(2)           465(3)        4282(1)       -1655(3)        20(1)  

          C(1)         -1622(4)        5000          -4569(4)        18(1)  

          O(1)         -6231(2)        3128(1)      -12664(2)        27(1)  

          C(11)        -4134(3)        2916(1)       -7227(3)        21(1)  

          C(10)        -5013(3)        3273(1)      -10715(3)        20(1)  

          C(9)         -5273(3)        2808(1)       -9229(3)        22(1)  

          C(8)         -6396(3)        3739(1)      -14105(3)        27(1)  
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           Table 3.  Bond lengths [A] and angles [deg] for Br-mPD.  

           _____________________________________________________________  

   

            Br(1)-C(7)                     1.902(2)  

            C(7)-C(2)                      1.384(2)  

            C(7)-C(2)#1                    1.384(2)  

            C(6)-C(5)                      1.388(4)  

            C(6)-C(3)                      1.399(3)  

            N(1)-C(4)                      1.398(2)  

            N(1)-C(3)                      1.405(2)  

            C(5)-C(10)                     1.394(3)  

            C(4)-C(1)                      1.401(2)  

            C(4)-C(2)                      1.402(3)  

            C(3)-C(11)                     1.399(3)  

            C(1)-C(4)#1                    1.401(2)  

            O(1)-C(10)                     1.377(2)  

            O(1)-C(8)                      1.437(2)  

            C(11)-C(9)                     1.381(3)  

            C(10)-C(9)                     1.394(3)  

   

            C(2)-C(7)-C(2)#1             124.5(2)  

            C(2)-C(7)-Br(1)              117.74(12)  

            C(2)#1-C(7)-Br(1)            117.74(12)  

            C(5)-C(6)-C(3)               121.41(17)  

            C(4)-N(1)-C(3)               125.66(16)  

            C(6)-C(5)-C(10)              119.55(17)  

            N(1)-C(4)-C(1)               121.25(17)  

            N(1)-C(4)-C(2)               118.96(16)  

            C(1)-C(4)-C(2)               119.78(17)  

            C(11)-C(3)-C(6)              118.00(18)  

            C(11)-C(3)-N(1)              119.75(17)  

            C(6)-C(3)-N(1)               122.22(18)  

            C(7)-C(2)-C(4)               117.48(17)  

            C(4)-C(1)-C(4)#1             120.8(2)  

            C(10)-O(1)-C(8)              116.32(15)  

            C(9)-C(11)-C(3)              121.03(17)  

            O(1)-C(10)-C(9)              116.10(17)  

            O(1)-C(10)-C(5)              124.26(17)  

            C(9)-C(10)-C(5)              119.62(17)  

            C(11)-C(9)-C(10)             120.29(17)  

           _____________________________________________________________  
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           Symmetry transformations used to generate equivalent atoms:  

           #1 x,-y+1,z      

  

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for Br-mPD.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

                U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    Br(1)    30(1)      34(1)      14(1)       0          -3(1)       0  

    C(7)     17(1)      27(1)      12(1)       0           3(1)        0  

    C(6)     20(1)      18(1)      20(1)      -2(1)      7(1)       -3(1)  

    N(1)     31(1)      15(1)      18(1)       3(1)      3(1)       -1(1)  

    C(5)     24(1)      18(1)      19(1)       0(1)      9(1)        0(1)  

    C(4)     20(1)      17(1)      18(1)      -1(1)      8(1)        0(1)  

    C(3)     21(1)      15(1)      18(1)      -1(1)      5(1)        2(1)  

    C(2)     19(1)      21(1)      18(1)       3(1)      6(1)        2(1)  

    C(1)     17(1)      17(1)      17(1)       0           2(1)        0  

    O(1)     34(1)      21(1)      19(1)      -1(1)      2(1)       -4(1)  

    C(11)    25(1)      16(1)      23(1)      3(1)       9(1)      -1(1)  

    C(10)    23(1)      18(1)      19(1)      -1(1)      6(1)      2(1)  

    C(9)     24(1)      16(1)      25(1)       0(1)       7(1)      -3(1)  

    C(8)     32(1)      28(1)      18(1)       2(1)       5(1)      -1(1)  

    _______________________________________________________________________  

 

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for Br-mPD.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          H(1N)        -1400(40)       3241(18)      -4000(40)       27  

          H(5)         -3330(40)       4139(16)     -11150(40)      24  

          H(2)           970(40)       3807(17)       -970(40)       24  

          H(1)         -2620(50)       5000          -5830(50)       22  
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          H(11)        -4320(40)       2596(16)      -6300(40)       26  

          H(9)         -6250(40)       2408(17)      -9560(40)       27  

          H(8C)        -6780(50)       4212(18)     -13540(40)      41  

          H(8B)        -5170(50)       3810(20)     -14350(50)      41  

          H(8A)        -7350(50)       3605(19)     -15280(50)      41  

          H(6)         -1320(40)       4276(16)      -7820(50)       33(7)  

         ________________________________________________________________  
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 Single-crystal X-Ray data for Cl-mPD-SMe  

   

 

 

 

 

Figure B5.  ORTEP (50 % ellipsoids) diagram of Cl-mPD-SMe generated with SHELXTL 

software. 
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Table 1.  Crystal data and structure refinement for Cl-mPD-SMe.  

   

   

      Identification code                 Cl-mPD-SMe  

   

      Empirical formula                   C20 H19 Cl N2 S2  

   

      Formula weight                      386.94  

   

      Temperature                         173(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic, Cc  

   

      Unit cell dimensions                a = 18.532(3) A   alpha = 90 deg.  

                                           b = 7.1762(11) A    beta = 92.166(3) deg.  

                                           c = 14.215(2) A   gamma = 90 deg.  

   

      Volume                               1889.1(5) A^3  

   

      Z, Calculated density               4, 1.361 Mg/m^3  

   

      Absorption coefficient              0.428 mm^-1  

   

      F(000)                               808  

   

      Crystal size                         0.34 x 0.28 x 0.10 mm  

   

      Theta range for data collection     2.20 to 28.35 deg.  

   

      Limiting indices                    -24<=h<=23, -9<=k<=9, -18<=l<=15  

   

      Reflections collected / unique      6167 / 3707 [R(int) = 0.0222]  

   

      Completeness to theta = 28.35       94.6 %  

   

      Absorption correction               None  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      3707 / 2 / 229  

   

      Goodness-of-fit on F^2              1.130  

   

      Final R indices [I>2sigma(I)]       R1 = 0.0448, wR2 = 0.1037  
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      R indices (all data)                R1 = 0.0542, wR2 = 0.1072  

   

      Absolute structure parameter        0.09(8)  

   

      Extinction coefficient              0.0002(3)  

   

      Largest diff. peak and hole         0.266 and -0.260 e.A^-3  

  

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for Cl-mPD-SMe.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          S(2)          9941(1)        7810(2)        2218(1)        43(1)  

          Cl(1)        11858(1)        8083(1)        9585(1)        50(1)  

          S(1)         13849(1)        7835(2)        2439(1)        45(1)  

          C(20)        11859(2)        8090(4)        6432(3)        29(1)  

          C(19)        12515(2)        8060(5)        7926(3)        35(1)  

          C(18)        11853(2)        8065(5)        8358(3)        33(1)  

          C(17)        13604(2)        7846(5)        3631(3)        31(1)  

          C(16)        10826(2)        6742(4)        4829(3)        33(1)  

          C(15)        11205(2)        8013(5)        7859(3)        34(1)  

          C(14)        10426(2)        7896(5)        5397(3)        33(1)  

          N(2)         13175(2)        8100(4)        6516(2)        36(1)  

          C(13)         9867(2)        8924(5)        4974(3)        36(1)  

          C(12)        13861(2)        9057(5)        5193(3)        37(1)  

          C(11)        11205(2)        8021(4)        6869(2)        28(1)  

          C(10)        10166(2)        7794(5)        3432(3)        32(1)  

          C(9)         12518(2)        8066(5)        6940(2)        29(1)  

          N(1)         10538(2)        7983(4)        6377(2)        37(1)  

          C(8)         13301(2)        7987(4)        5549(2)        29(1)  

          C(7)         10705(2)        6705(4)        3864(2)        30(1)  

          C(6)         12921(2)        6803(5)        4939(3)        33(1)  

          C(5)          9740(2)        8883(5)        4007(3)        37(1)  

          C(4)         13063(2)        6734(5)        3982(3)        33(1)  

          C(3)         14009(2)        8974(5)        4253(3)        37(1)  

          C(2)         10765(3)        7075(6)        1696(3)        52(1)  
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          C(1)         13046(3)        7016(6)        1819(3)        61(1)  

         ________________________________________________________________  

  

 

           Table 3.  Bond lengths [A] and angles [deg] for Cl-mPD-SMe.  

           _____________________________________________________________  

   

            S(2)-C(10)                     1.760(4)  

            S(2)-C(2)                      1.802(4)  

            Cl(1)-C(18)                    1.744(4)  

            S(1)-C(17)                     1.771(4)  

            S(1)-C(1)                      1.799(5)  

            C(20)-C(11)                    1.383(5)  

            C(20)-C(9)                     1.396(5)  

            C(19)-C(18)                    1.393(6)  

            C(19)-C(9)                     1.402(5)  

            C(18)-C(15)                    1.372(5)  

            C(17)-C(4)                     1.388(5)  

            C(17)-C(3)                     1.397(5)  

            C(16)-C(7)                     1.382(5)  

            C(16)-C(14)                    1.391(5)  

            C(15)-C(11)                    1.408(5)  

            C(14)-C(13)                    1.390(5)  

            C(14)-N(1)                     1.403(5)  

            N(2)-C(9)                      1.379(4)  

            N(2)-C(8)                      1.405(4)  

            C(13)-C(5)                     1.387(5)  

            C(12)-C(3)                     1.376(5)  

            C(12)-C(8)                     1.402(5)  

            C(11)-N(1)                     1.396(4)  

            C(10)-C(7)                     1.392(5)  

            C(10)-C(5)                     1.397(5)  

            C(8)-C(6)                      1.386(5)  

            C(6)-C(4)                      1.396(5)  

   

            C(10)-S(2)-C(2)              103.22(19)  

            C(17)-S(1)-C(1)              103.5(2)  

            C(11)-C(20)-C(9)             122.1(3)  

            C(18)-C(19)-C(9)             118.5(3)  

            C(15)-C(18)-C(19)            122.7(4)  

            C(15)-C(18)-Cl(1)            119.3(3)  

            C(19)-C(18)-Cl(1)            118.0(3)  

            C(4)-C(17)-C(3)              118.9(3)  

            C(4)-C(17)-S(1)              123.8(3)  
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            C(3)-C(17)-S(1)              117.2(3)  

            C(7)-C(16)-C(14)             121.2(3)  

            C(18)-C(15)-C(11)            118.9(3)  

            C(13)-C(14)-C(16)            118.1(3)  

            C(13)-C(14)-N(1)             119.1(3)  

            C(16)-C(14)-N(1)             122.7(3)  

            C(9)-N(2)-C(8)               127.4(3)  

            C(5)-C(13)-C(14)             120.9(3)  

            C(3)-C(12)-C(8)              120.3(3)  

            C(20)-C(11)-N(1)             123.3(3)  

            C(20)-C(11)-C(15)            118.8(3)  

            N(1)-C(11)-C(15)             117.8(3)  

            C(7)-C(10)-C(5)              117.9(3)  

            C(7)-C(10)-S(2)              125.1(3)  

            C(5)-C(10)-S(2)              116.8(3)  

            N(2)-C(9)-C(20)              122.9(3)  

            N(2)-C(9)-C(19)              118.3(3)  

            C(20)-C(9)-C(19)             118.7(3)  

            C(11)-N(1)-C(14)             126.4(3)  

            C(6)-C(8)-C(12)              118.4(3)  

            C(6)-C(8)-N(2)               123.3(3)  

            C(12)-C(8)-N(2)              118.3(3)  

            C(16)-C(7)-C(10)             120.9(3)  

            C(8)-C(6)-C(4)               121.4(3)  

            C(13)-C(5)-C(10)             120.9(3)  

            C(17)-C(4)-C(6)              119.7(3)  

            C(12)-C(3)-C(17)             121.2(3)  

           _____________________________________________________________  

   

           Symmetry transformations used to generate equivalent atoms:  

             

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for Cl-mPD-SMe.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

              U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    S(2)     41(1)      52(1)      36(1)       7(1)      -4(1)      -9(1)  

    Cl(1)    71(1)      54(1)      25(1)      -3(1)       4(1)      -1(1)  

    S(1)     47(1)      50(1)      39(1)      11(1)      12(1)      11(1)  
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    C(20)    32(2)      25(2)      29(2)       2(1)       2(1)      -1(1)  

    C(19)    40(2)      32(2)      32(2)      -4(2)      -7(2)       3(2)  

    C(18)    47(2)      26(2)      26(2)       0(1)       6(2)       0(2)  

    C(17)    28(2)      30(2)      34(2)       7(1)       7(1)       7(1)  

    C(16)    24(2)      30(2)      44(2)       1(1)       1(2)       4(1)  

    C(15)    42(2)      28(2)      33(2)      -2(2)       9(2)       3(2)  

    C(14)    26(2)      37(2)      37(2)       1(2)       6(1)      -3(1)  

    N(2)      27(1)      49(2)      33(2)      -7(1)      -1(1)      -8(1)  

    C(13)    27(2)      33(2)      48(2)      -3(2)      10(2)      6(1)  

    C(12)    28(2)      35(2)      46(2)      -1(2)      -2(2)      -6(1)  

    C(11)    30(2)      21(2)      33(2)      -1(1)       4(1)       2(1)  

    C(10)    32(2)      29(2)      34(2)       3(1)      -1(2)      -6(1)  

    C(9)     34(2)      24(2)      30(2)       -3(1)       2(1)      -3(1)  

    N(1)     26(1)      51(2)      36(2)       -4(1)       9(1)       3(1)  

    C(8)     24(2)      31(2)      32(2)        1(1)       2(1)       2(1)  

    C(7)     22(2)      27(2)      41(2)       -2(1)       5(1)      -2(1)  

    C(6)     27(2)      33(2)      40(2)       -2(2)       8(1)      -7(1)  

    C(5)     31(2)      34(2)      45(2)        9(2)       0(2)       5(1)  

    C(4)     30(2)      31(2)      39(2)       -6(2)       3(2)      -1(1)  

    C(3)     27(2)      33(2)      51(2)        6(2)       9(2)      -6(1)  

    C(2)     74(3)      43(2)      39(2)       -4(2)      10(2)     12(2)  

    C(1)     90(4)      54(3)      38(2)       -1(2)      -6(2)     -15(2)  

    _______________________________________________________________________  

  

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for Cl-mPD-SMe.  

   

         ________________________________________________________________  

   

                         x             y             z           U(eq)  

         ________________________________________________________________  

   

          H(20A)      11859          8155          5764          34  

          H(19A)      12955          8054          8292          42  

          H(16A)      11190          5966          5109          39  

          H(15A)      10763          7973          8177          41  

          H(2A)       13560          8204          6895          44  

          H(13A)       9567          9665          5353          43  

          H(12A)      14140          9844          5603          44  

          H(1A)       10151          8016          6716          45  

          H(7A)       10993          5926          3489          36  

          H(6A)       12557          6021          5177          40  

          H(5A)        9358          9606          3731          44  
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          H(4A)       12791          5930          3573          40  

          H(3A)       14394          9697          4023          44  

          H(2B)       10708          7150          1008          78  

          H(2C)       10874          5787          1881          78  

          H(2D)       11162          7889          1913          78  

          H(1B)       13106          7130          1139          92  

          H(1C)       12632          7764          2001          92  

          H(1D)       12964          5706          1979          92  

         ________________________________________________________________  
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 Single-crystal X-Ray data for H-mPD 

 

 

 

 

 

 

 

Figure B6.  ORTEP (50 % ellipsoids) diagram of H-mPD generated with SHELXTL software. 
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Table 1.  Crystal data and structure refinement for H-mPD.  

   

   

      Identification code                 H-mPD  

   

      Empirical formula                   C20 H20 N2 O2  

   

      Formula weight                      320.38  

   

      Temperature                         173(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic, P2(1)/n  

   

      Unit cell dimensions                a = 9.589(4) A   alpha = 90 deg.  

                                           b = 6.357(3) A    beta = 94.446(7) deg.  

                                           c = 26.517(11) A   gamma = 90 deg.  

   

      Volume                               1611.7(11) A^3  

   

      Z, Calculated density               4, 1.320 Mg/m^3  

   

      Absorption coefficient              0.086 mm^-1  

   

      F(000)                               680  

   

      Crystal size                         0.70 x 0.50 x 0.25 mm  

   

      Theta range for data collection     3.02 to 28.33 deg.  

   

      Limiting indices                    -12<=h<=11, -8<=k<=8, -35<=l<=29  

   

      Reflections collected / unique      8358 / 3561 [R(int) = 0.0714]  

   

      Completeness to theta = 28.33       88.4 %  

   

      Absorption correction               None  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      3561 / 0 / 298  

   

      Goodness-of-fit on F^2              1.224  

   

      Final R indices [I>2sigma(I)]       R1 = 0.1470, wR2 = 0.2859  
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      R indices (all data)                R1 = 0.2147, wR2 = 0.3168  

   

      Extinction coefficient              0.008(2)  

   

      Largest diff. peak and hole         0.481 and -0.390 e.A^-3  

  

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for H-mPD.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          N(2)          4166(6)        9359(10)        622(2)        31(1)  

          O(2)          3016(5)       15668(9)        1984(2)        38(1)  

          O(1)           782(5)        -644(8)       -2199(2)        35(1)  

          N(1)          3578(5)        4687(10)       -792(2)        29(1)  

          C(20)         3790(6)        7082(11)        -99(2)        21(1)  

          C(19)         2244(6)        2189(12)      -2000(2)        27(2)  

          C(18)         2950(6)        5957(11)       -441(2)        21(1)  

          C(17)         2644(7)       14228(11)       1134(3)        27(2)  

          C(16)         1435(6)         560(11)      -1831(3)        25(2)  

          C(15)         1347(7)         325(12)      -1313(3)        29(2)  

          C(14)          940(6)        7363(11)        -70(2)        26(2)  

          C(13)         3852(6)       10983(11)        953(2)        26(2)  

          C(12)         4500(6)       11043(11)       1439(3)        28(2)  

          C(11)         1772(6)        8495(11)        280(3)        24(1)  

          C(10)         2835(6)        3358(11)      -1142(2)        24(2)  

          C(9)          1480(6)        6073(11)       -427(2)        24(2)  

          C(8)          3243(6)        8356(10)        270(2)        21(1)  

          C(7)          3271(6)       14202(11)       1617(3)        26(2)  

          C(6)          2053(7)        1689(12)       -979(2)        25(2)  

          C(5)          2955(7)       12615(12)        801(2)        27(2)  

          C(4)          4217(7)       12621(12)       1769(3)        29(2)  

          C(3)          2921(6)        3600(11)      -1662(3)        27(2)  

          C(2)           -17(8)       -2400(14)      -2041(3)        39(2)  

          C(1)          2011(9)       17275(14)       1854(4)        42(2)  

         ________________________________________________________________  
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           Table 3.  Bond lengths [A] and angles [deg] for H-mPD.  

           _____________________________________________________________  

   

            N(2)-C(8)                      1.392(8)  

            N(2)-C(13)                     1.402(9)  

            O(2)-C(7)                      1.383(8)  

            O(2)-C(1)                      1.428(9)  

            O(1)-C(16)                     1.353(8)  

            O(1)-C(2)                      1.435(9)  

            N(1)-C(18)                     1.403(8)  

            N(1)-C(10)                     1.408(8)  

            C(20)-C(18)                    1.368(9)  

            C(20)-C(8)                     1.401(9)  

            C(19)-C(16)                    1.388(9)  

            C(19)-C(3)                     1.391(10)  

            C(18)-C(9)                     1.415(8)  

            C(17)-C(7)                     1.373(9)  

            C(17)-C(5)                     1.399(10)  

            C(16)-C(15)                    1.390(9)  

            C(15)-C(6)                     1.380(10)  

            C(14)-C(11)                    1.380(9)  

            C(14)-C(9)                     1.382(9)  

            C(13)-C(12)                    1.387(9)  

            C(13)-C(5)                     1.388(9)  

            C(12)-C(4)                     1.372(10)  

            C(11)-C(8)                     1.415(8)  

            C(10)-C(6)                     1.387(9)  

            C(10)-C(3)                     1.397(9)  

            C(7)-C(4)                      1.393(9)  

   

            C(8)-N(2)-C(13)              127.0(5)  

            C(7)-O(2)-C(1)               117.7(6)  

            C(16)-O(1)-C(2)              117.3(6)  

            C(18)-N(1)-C(10)             124.2(5)  

            C(18)-C(20)-C(8)             122.1(6)  

            C(16)-C(19)-C(3)             121.2(6)  

            C(20)-C(18)-N(1)             118.7(5)  

            C(20)-C(18)-C(9)             119.4(6)  

            N(1)-C(18)-C(9)              121.9(6)  

            C(7)-C(17)-C(5)              118.7(6)  

            O(1)-C(16)-C(19)             115.4(6)  

            O(1)-C(16)-C(15)             126.2(6)  

            C(19)-C(16)-C(15)            118.4(6)  

            C(6)-C(15)-C(16)             120.2(7)  

            C(11)-C(14)-C(9)             122.8(6)  

            C(12)-C(13)-C(5)             118.2(6)  
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            C(12)-C(13)-N(2)             120.0(6)  

            C(5)-C(13)-N(2)              121.8(6)  

            C(4)-C(12)-C(13)             121.1(6)  

            C(14)-C(11)-C(8)             118.7(6)  

            C(6)-C(10)-C(3)              117.9(6)  

            C(6)-C(10)-N(1)              120.7(6)  

            C(3)-C(10)-N(1)              121.3(6)  

            C(14)-C(9)-C(18)             118.5(6)  

            N(2)-C(8)-C(20)              118.7(5)  

            N(2)-C(8)-C(11)              122.7(6)  

            C(20)-C(8)-C(11)             118.5(6)  

            C(17)-C(7)-O(2)              124.1(6)  

            C(17)-C(7)-C(4)              120.5(6)  

            O(2)-C(7)-C(4)               115.4(6)  

            C(15)-C(6)-C(10)             122.0(6)  

            C(13)-C(5)-C(17)             121.5(6)  

            C(12)-C(4)-C(7)              119.9(6)  

            C(19)-C(3)-C(10)             120.2(6)  

           _____________________________________________________________  

   

           Symmetry transformations used to generate equivalent atoms:  

             

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for H-mPD.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

              U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    N(2)     20(3)      36(4)      37(3)      -9(3)      -3(2)       3(3)  

    O(2)     35(3)      33(3)      45(3)      -6(3)       4(2)      13(2)  

    O(1)     28(2)      39(3)      38(3)      -5(3)       4(2)     -10(2)  

    N(1)     18(3)      40(4)      29(3)      -5(3)       6(2)      -3(3)  

    C(20)    15(3)      22(4)      26(3)       2(3)       2(2)       2(3)  

    C(19)    19(3)      39(4)      22(3)       5(3)       4(2)      -2(3)  

    C(18)    20(3)      25(4)      19(3)       4(3)       3(2)       5(3)  

    C(17)    24(3)      18(4)      37(4)       8(3)       2(3)       1(3)  

    C(16)    16(3)      21(4)      37(4)       0(3)       4(3)      -3(3)  

    C(15)    26(3)      29(4)      33(4)       6(3)       4(3)       2(3)  

    C(14)    14(3)      30(4)      34(4)       7(3)       3(3)       6(3)  

    C(13)    14(3)      32(4)      30(4)       2(3)      -1(2)       1(3)  
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    C(12)    17(3)      23(4)      44(4)       3(3)       0(3)       1(3)  

    C(11)    23(3)      17(3)      31(4)       4(3)       6(3)       1(3)  

    C(10)    15(3)      33(4)      25(3)      -1(3)      -3(2)       4(3)  

    C(9)     18(3)      24(4)      28(4)       4(3)      -6(3)       6(3)  

    C(8)     21(3)      17(3)      24(3)       4(3)       1(2)       1(3)  

    C(7)     25(3)      19(4)      34(4)      -2(3)       5(3)      -3(3)  

    C(6)     26(3)      33(4)      17(3)       8(3)       4(3)      -4(3)  

    C(5)     26(3)      32(4)      24(3)       1(3)      -2(3)       2(3)  

    C(4)     24(3)      39(4)      24(3)       1(3)       2(3)       2(3)  

    C(3)     20(3)      26(4)      34(4)       1(3)       1(3)      -3(3)  

    C(2)     36(4)      35(5)      45(5)      -5(4)       0(4)      -2(4)  

    C(1)     42(4)      33(5)      50(5)      -1(4)       6(4)      11(4)  

    _______________________________________________________________________  

  

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for H-mPD.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          H(4)          4580(50)      12630(90)       2110(20)        0(12)  

          H(19)         2300(60)       2430(100)     -2360(20)       18(16)  

          H(9)           920(50)       5300(90)       -700(19)        0(13)  

          H(5)          2530(50)      12740(90)        440(20)        3(13)  

          H(3)          3570(70)       4960(120)     -1800(30)       40(20)  

          H(2C)          660(80)      -3210(130)     -1800(30)       40(20)  

          H(1C)         2060(80)      18230(140)      2180(30)       60(30)  

          H(2B)         -330(70)      -3000(120)     -2390(30)       31(19)  

          H(1B)         1060(100)     16620(150)      1710(30)       60(30)  

          H(1A)         2160(80)      17970(140)      1540(30)       50(20)  

          H(2A)         -800(90)      -1650(140)     -1830(30)       60(30)  

          H(17)         2040(80)      15400(140)      1010(30)       50(20)  

          H(12)         5110(60)       9900(110)      1550(20)       18(17)  

          H(6)          1990(50)       1300(90)       -660(20)        1(13)  

          H(11)         1350(80)       9460(130)       560(30)       50(20)  

          H(1N)         4270(100)      5360(170)      -930(40)       80(30)  

          H(2N)         5020(110)      8780(170)       690(40)       80(30)  

          H(15)          870(80)       -990(140)     -1190(30)       50(20)  

          H(20)         4780(80)       7010(130)       -80(30)       50(20)  

          H(14)         -110(90)       7280(140)       -60(30)       50(20)  

         ________________________________________________________________  
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 Single-crystal X-Ray data for Cl-mPD-OiPr 

 

 

 

 

 

 

 

 

Figure B7.  ORTEP (50 % ellipsoids) diagram of Cl-mPD-OiPr generated with SHELXTL 

software. 
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Table 1.  Crystal data and structure refinement for Cl-mPD-OiPr.  

   

   

      Identification code                 Cl-mPD-OiPr  

   

      Empirical formula                   C24 H27 Cl N2 O2  

   

      Formula weight                      410.93  

   

      Temperature                         298(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic, P2/c  

   

      Unit cell dimensions                a = 12.1426(17) A   alpha = 90 deg.  

                                           b = 10.8470(15) A    beta = 102.931(2) deg.  

                                           c = 8.6118(12) A   gamma = 90 deg.  

   

      Volume                               1105.5(3) A^3  

   

      Z, Calculated density               2, 1.234 Mg/m^3  

   

      Absorption coefficient              0.194 mm^-1  

   

      F(000)                               436  

   

      Crystal size                         0.50 x 0.20 x 0.10 mm  

   

      Theta range for data collection     3.07 to 25.00 deg.  

   

      Limiting indices                    -14<=h<=14, -12<=k<=11, -10<=l<=10  

   

      Reflections collected / unique      5833 / 1954 [R(int) = 0.0228]  

   

      Completeness to theta = 25.00       99.4 %  

   

      Absorption correction               None  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      1954 / 0 / 188  

   

      Goodness-of-fit on F^2              0.817  

   

      Final R indices [I>2sigma(I)]       R1 = 0.0381, wR2 = 0.1465  
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      R indices (all data)                R1 = 0.0425, wR2 = 0.1570  

   

      Extinction coefficient              0.047(9)  

   

      Largest diff. peak and hole         0.194 and -0.308 e.A^-3  

  

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for Cl-mPD-OiPr.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          Cl(1)            0            -54(1)        2500          113(1)  

          C(13)            0           4059(2)        2500           46(1)  

          O(1)          3668(1)        2786(1)       -3731(1)        61(1)  

          N(1)          1427(1)        4120(1)         990(2)        60(1)  

          C(12)         3574(1)        3839(2)       -1410(2)        54(1)  

          C(11)         1977(1)        3719(1)        -191(2)        47(1)  

          C(10)          704(1)        2148(1)        1694(2)        51(1)  

          C(9)          3043(1)        4175(2)        -223(2)        54(1)  

          C(8)             0           1557(2)        2500           55(1)  

          C(7)           706(1)        3434(1)        1698(2)        45(1)  

          C(6)          2003(1)        2579(2)       -2587(2)        55(1)  

          C(5)          3068(1)        3030(1)       -2608(2)        46(1)  

          C(4)          1476(1)        2923(2)       -1388(2)        55(1)  

          C(3)          3227(2)        1958(2)       -5016(2)        63(1)  

          C(2)          3853(2)        2248(3)       -6290(3)        83(1)  

          C(1)          3340(5)         637(3)       -4493(6)       121(1)  

         ________________________________________________________________  

  

 

           Table 3.  Bond lengths [A] and angles [deg] for Cl-mPD-OiPr.  

           _____________________________________________________________  

   

            Cl(1)-C(8)                     1.747(2)  

            C(13)-C(7)#1                   1.3915(16)  
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            C(13)-C(7)                     1.3915(16)  

            O(1)-C(5)                      1.3605(17)  

            O(1)-C(3)                      1.432(2)  

            N(1)-C(7)                      1.3893(18)  

            N(1)-C(11)                     1.4051(18)  

            C(12)-C(9)                     1.374(2)  

            C(12)-C(5)                     1.388(2)  

            C(11)-C(4)                     1.377(2)  

            C(11)-C(9)                     1.392(2)  

            C(10)-C(8)                     1.3749(17)  

            C(10)-C(7)                     1.395(2)  

            C(8)-C(10)#1                   1.3749(17)  

            C(6)-C(5)                      1.386(2)  

            C(6)-C(4)                      1.382(2)  

            C(3)-C(1)                      1.499(3)  

            C(3)-C(2)                      1.502(3)  

   

            C(7)#1-C(13)-C(7)            121.69(19)  

            C(5)-O(1)-C(3)               120.29(13)  

            C(7)-N(1)-C(11)              126.90(14)  

            C(9)-C(12)-C(5)              121.16(13)  

            C(4)-C(11)-C(9)              117.73(13)  

            C(4)-C(11)-N(1)              122.24(13)  

            C(9)-C(11)-N(1)              119.95(14)  

            C(8)-C(10)-C(7)              117.77(13)  

            C(12)-C(9)-C(11)             120.87(15)  

            C(10)-C(8)-C(10)#1           124.4(2)  

            C(10)-C(8)-Cl(1)             117.80(10)  

            C(10)#1-C(8)-Cl(1)           117.81(10)  

            N(1)-C(7)-C(13)              118.41(14)  

            N(1)-C(7)-C(10)              122.33(12)  

            C(13)-C(7)-C(10)             119.19(13)  

            C(5)-C(6)-C(4)               120.24(15)  

            O(1)-C(5)-C(6)               126.15(14)  

            O(1)-C(5)-C(12)              115.65(13)  

            C(6)-C(5)-C(12)              118.18(13)  

            C(11)-C(4)-C(6)              121.82(14)  

            O(1)-C(3)-C(1)               112.0(2)  

            O(1)-C(3)-C(2)               105.70(16)  

            C(1)-C(3)-C(2)               113.1(2)  

           _____________________________________________________________  

   

           Symmetry transformations used to generate equivalent atoms:  

           #1-x,y,-z+1/2    
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    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for Cl-mPD-OiPr.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  

   

    _______________________________________________________________________  

   

              U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    Cl(1)   181(1)      37(1)     156(1)       0        114(1)       0  

    C(13)    54(1)      40(1)      51(1)       0         24(1)         0  

    O(1)     58(1)      80(1)      54(1)     -12(1)      28(1)      -6(1)  

    N(1)     71(1)      49(1)      72(1)     -12(1)      45(1)     -13(1)  

    C(12)    47(1)      66(1)      55(1)      -3(1)      22(1)     -11(1)  

    C(11)    49(1)      46(1)      51(1)       2(1)      24(1)      -1(1)  

    C(10)    56(1)      47(1)      58(1)      -2(1)      28(1)       5(1)  

    C(9)     56(1)      59(1)      5 2(1)      -8(1)      23(1)      -13(1)  

    C(8)     68(1)      39(1)       65(1)       0         29(1)          0  

    C(7)     46(1)      47(1)      46(1)      -2(1)      19(1)      -2(1)  

    C(6)     53(1)      62(1)      52(1)      -9(1)      18(1)      -11(1)  

    C(5)     47(1)      53(1)      43(1)       4(1)      19(1)       4(1)  

    C(4)     44(1)      67(1)      58(1)      -5(1)      21(1)     -10(1)  

    C(3)     75(1)      67(1)      50(1)      -9(1)      24(1)      -1(1)  

    C(2)    100(2)     101(2)      60(1)     -12(1)   39(1)      -7(1)  

    C(1)    196(5)      68(2)     125(3)      -1(2)      91(3)       8(2)  

    _______________________________________________________________________  

  

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for Cl-mPD-OiPr.  

   

         ________________________________________________________________  

   

                         x             y             z           U(eq)  

         ________________________________________________________________  

   

          H(12)         4332(18)       4130(20)      -1380(30)       72(6)  

          H(10)         1177(17)       1700(20)       1120(30)       74(5)  

          H(9)          3404(16)       4710(20)        600(20)       61(5)  

          H(6)          1637(18)       2040(20)      -3430(30)       80(6)  

          H(3)          2420(20)       2140(20)      -5420(30)       80(6)  

          H(4)           710(20)       2640(20)      -1370(30)       83(6)  

          H(13)            0           4980(30)       2500           59(7)  

          H(1)          1565(17)       4830(20)       1340(30)       69(6)  
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          H(2)          4620(30)       2070(30)      -5890(40)      104(9)  

          H(2)          3820(30)       3080(40)      -6560(40)      127(11)  

          H(2)          3580(20)       1740(30)      -7280(30)      104(8)  

          H(1)          3070(30)        420(40)      -3600(50)      143(12)  

          H(1)          3090(40)          0(40)      -5260(50)      161(15)  

          H(1)          4150(40)        620(40)      -3990(50)      153(18)  

         ________________________________________________________________  

 



 

233 
 

 Single-crystal X-Ray data for Cl-mPD-OMac 

 

 

 

 

 

Figure B8.  ORTEP (50 % ellipsoids) diagram of H-mPD-OMac generated with SHELXTL 

software. 
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Table 1.  Crystal data and structure refinement for H-mPD-OMac.  

   

   

      Identification code                 H-mPD-OMac  

   

      Empirical formula                   C21 H20 N2 O2  

   

      Formula weight                      332.39  

   

      Temperature                         298(2) K  

   

      Wavelength                          0.71073 A  

   

      Crystal system, space group         Monoclinic, Cm 

   

      Unit cell dimensions                a = 8.589(2) A   alpha = 90 deg.  

                                           b = 15.531(4) A    beta = 115.452(5) deg.  

                                           c = 6.9256(19) A   gamma = 90 deg.  

   

      Volume                               834.2(4) A^3  

   

      Z, Calculated density               2, 1.323 Mg/m^3  

   

      Absorption coefficient              0.086 mm^-1  

   

      F(000)                               352  

   

      Crystal size                         0.20 x 0.07 x 0.07 mm  

   

      Theta range for data collection     2.62 to 28.22 deg.  

   

      Limiting indices                    -7<=h<=11, -20<=k<=20, -9<=l<=7  

   

      Reflections collected / unique      2715 / 1425 [R(int) = 0.0176]  

   

      Completeness to theta = 28.22       95.4 %  

   

      Refinement method                   Full-matrix least-squares on F^2  

   

      Data / restraints / parameters      1425 / 2 / 162  

   

      Goodness-of-fit on F^2              1.270  

   

      Final R indices [I>2sigma(I)]       R1 = 0.0544, wR2 = 0.1557  

   

      R indices (all data)                R1 = 0.0604, wR2 = 0.1600  
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      Absolute structure parameter        3(2)  

   

      Largest diff. peak and hole         0.209 and -0.309 e.A^-3  

 

 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  

         displacement parameters (A^2 x 10^3) for H-mPD-OMac.  

         U(eq) is defined as one third of the trace of the orthogonalized  

         Uij tensor.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          O(1)          2611(3)        1554(1)        6656(4)        54(1)  

          N(1)          7282(4)        1556(2)       15261(5)        52(1)  

          C(12)         3843(4)        1555(2)        8758(5)        40(1)  

          C(11)         5435(4)        1162(2)        9442(5)        39(1)  

          C(10)         6154(4)        1598(2)       13082(5)        36(1)  

          C(9)          6586(4)        1188(2)       11582(5)        37(1)  

          C(8)          4579(5)        2024(2)       12343(6)        43(1)  

          C(7)          7902(4)         783(2)       16343(4)        36(1)  

          C(6)          9207(4)         784(2)       18433(5)        42(1)  

          C(5)          7239(6)           0           15369(7)        31(1)  

          C(4)          3432(4)        2005(2)       10193(6)        45(1)  

          C(3)          2108(7)           0           6192(7)        38(1)  

          C(2)          2580(6)         821(2)        5367(5)        50(1)  

          C(1)          9796(7)           0           19425(7)        45(1) 

 

 

           Table 3.  Bond lengths [A] and angles [deg] for H-mPD-OMac.  

           _____________________________________________________________  

   

            O(1)-C(12)                     1.384(3)  

            O(1)-C(2)                      1.440(4)  

            N(1)-C(7)                      1.394(4)  

            N(1)-C(10)                     1.401(4)  

            C(12)-C(4)                     1.380(5)  

            C(12)-C(11)                    1.382(5)  

            C(11)-C(9)                     1.384(4)  
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            C(10)-C(8)                     1.391(5)  

            C(10)-C(9)                     1.398(5)  

            C(8)-C(4)                      1.388(5)  

            C(7)-C(5)                      1.388(3)  

            C(7)-C(6)                      1.399(4)  

            C(6)-C(1)                      1.383(4)  

            C(5)-C(7)#1                    1.388(3)  

            C(3)-C(2)                      1.522(4)  

            C(3)-C(2)#1                    1.522(4)  

            C(1)-C(6)#1                    1.383(4)  

   

            C(12)-O(1)-C(2)              117.0(3)  

            C(7)-N(1)-C(10)              123.1(2)  

            O(1)-C(12)-C(4)              116.2(3)  

            O(1)-C(12)-C(11)             123.8(3)  

            C(4)-C(12)-C(11)             119.9(3)  

            C(9)-C(11)-C(12)             120.0(3)  

            C(8)-C(10)-C(9)              118.1(3)  

            C(8)-C(10)-N(1)              122.1(3)  

            C(9)-C(10)-N(1)              119.9(3)  

            C(11)-C(9)-C(10)             120.9(3)  

            C(4)-C(8)-C(10)              121.0(3)  

            N(1)-C(7)-C(5)               120.7(2)  

            N(1)-C(7)-C(6)               120.4(3)  

            C(5)-C(7)-C(6)               118.9(3)  

            C(7)-C(6)-C(1)               118.1(3)  

            C(7)-C(5)-C(7)#1             122.3(3)  

            C(12)-C(4)-C(8)              120.0(3)  

            C(2)-C(3)-C(2)#1             113.8(4)  

            O(1)-C(2)-C(3)               111.5(3)  

            C(6)#1-C(1)-C(6)             123.5(4)  

           _____________________________________________________________  

   

           Symmetry transformations used to generate equivalent atoms:  

           #1 x,-y,z      

 

 

Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for H-mPD-OMac.  

    The anisotropic displacement factor exponent takes the form:  

    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
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    _______________________________________________________________________  

   

              U11        U22        U33        U23        U13        U12  

    _______________________________________________________________________  

   

    O(1)     71(2)      27(1)      42(1)       4(1)       5(1)         2(1)  

    N(1)     71(2)      29(1)      41(2)     -13(1)      10(1)       0(1)  

    C(12)    57(2)      20(1)      42(2)       5(1)      22(2)      -3(1)  

    C(11)    52(2)      29(1)      45(2)       0(1)      30(2)       1(1)  

    C(10)    46(2)      18(1)      42(2)       0(1)      16(2)      -5(1)  

    C(9)     37(2)      30(1)      49(2)       2(1)      21(2)       0(1)  

    C(8)     60(2)      27(1)      49(2)      -3(1)      30(2)       3(1)  

    C(7)     42(2)      34(2)      33(2)      -3(1)      17(1)      -1(1)  

    C(6)     46(2)      45(2)      35(2)      -9(1)      16(2)      -5(1)  

    C(5)     24(2)      36(2)      28(2)       0          5(2)           0  

    C(4)     46(2)      30(2)      56(2)       1(1)      20(2)       7(1)  

    C(3)     38(3)      34(2)      37(2)       0         10(2)          0  

    C(2)     74(3)      38(2)      34(2)       4(1)      19(2)      -4(2)  

    C(1)     42(3)      60(3)      25(2)       0          6(2)           0  

    _______________________________________________________________________  

 

 

         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  

         displacement parameters (A^2 x 10^3) for H-mPD-OMac.  

   

         ________________________________________________________________  

   

                          x              y              z            U(eq)  

         ________________________________________________________________  

   

          H(3B)         2670(60)          0           7560(80)       28(11)  

          H(5)          6330(50)          0           14160(70)       21(10)  

          H(11)         5750(50)        900(20)       8530(60)       33(8)  

          H(4)          2310(50)       2278(19)       9710(50)       37(8)  

          H(3)           950(80)          0           5830(80)       38(13)  

          H(8)          4290(50)       2290(20)      13390(50)       42(9) 
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